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PROCEEDINGS OF THE SEVENTH ANNUAL 
BIOCHEMICAL ENGINEERING SYMPOSIUM 
This is the seventh in a series of symposia devoted to talks by 
students on their biochemical engineering research. The first four 
meetings were held alternately at Kansas State University and the Uni-
versity of Nebraska-Lincoln, with participants from those two schools. 
The next two took place at Kansas State and then in conjunction with 
the 8lst American Institute of Chemical Engineers National Meeting in 
Kansas City, with attendees from Kansas State and Iowa State Universi-
ties. This meeting, at Iowa State, was the first to include partici-
pation from the University of Missouri-Columbia. 
Attending from Kansas State were David Beardmore, Edward 0. I. 
Banigo, Liang-Shih Fan, Yong-Hyun Lee, Mark E. Orazem, Irie Vanie-Bi, 
Serafin N. Sanchez, Betzabe Sulbaran, Alexis Ferrer, and Larry E. 
Erickson. Participating from the University of Missouri-Columbia were 
Dou-Huong Hwang, Lin-Chang Chiang, Elaine Hall, and Charles E. Dunlap, 
and from Iowa State were William J. Smith, Ricardo Fournier, 
Gbekeloluwa B. Oguntimein, Alfred R. Fratzke, Hossein Kaboli, and Peter J. 
Reilly. 
Inquiries on the research presented here should be directed to 
Professors Larry E. Erickson, Charles E. Dunlap or Peter J. Reilly. 
Peter J. Reilly 
Editor 
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PROPERTIES OF SOLUBLE AND IMMOBILIZED DEXTRANSUCRASE 
Hossein Kaboli and Yah Eric Chen 
Department of Chemical Engineering and Nuclear Engineering 
Iowa State University 
Ames, Iowa 50011 
INTRODUCTION 
At the Sixth Annual Biochemical Engineering Symposium we presented 
results on the production, purification, and properties of soluble dex-
transucrase, which yields fructose and dextran from sucrose, from 
Leuconostoc mesenteroides (1). It could be purified roughly 300-fold in 
56% yield by ultrafiltration followed by gel permeation chromatography. 
It was most active at pH 5.2, and in a 30 min assay made more fructose 
at 30 °C than at either higher or lower temperatures. From 15 to 30 °C 
the activation energy was 8.2 kcal/mole. Specific rates of decay at 
varying pH's and temperatures were initially high but decreased with 
time. 
Here we present data on the effect of ca2+ on the stability of 
soluble dextransucrase. In addition, dextransucrase was immobilized to 
porous silica and the activity and stability measured. 
MATERIALS AND METHODS 
Soluble Enzyme Assay 
Dextransucrase activity was assayed by measuring the production of 
reducing sugars by the Somogyi-Nelson method (2,3). A mixture of 1 ml 
20% sucrose, 0.5 ml 0.2M acetate buffer at pH 5.2, and 0.5 ml enzyme 
solution and distilled water was incubated at 30 °C for 15-30 min, with 
the amount of enzyme and incubation time chosen so that the activity was 
proportional to both. After the incubation, 2 ml of Somogyi's reagent 
was added and the mixture boiled for 10 min. After cooling, addition of 
2 ml Nelson's reagent, and shaking for 10 min, the resulting optical 
density was determined at 500 nm with a Beckman DU spectrophotometer 
modified with a Gilford Model 252 update system. One unit of activity 
was that amount of enzyme that liberated 1 ~mole of reducing sugar in 
1 min. 
Immobilized Enzyme Assay 
Immobilized dextransucrase was assayed by pumping a solution of 
10 ml 20% sucrose, 5 ml of 0.2M acetate at pH 5.2, and 5 ml distilled 
water through a 10 ml pipette tube containing 2 ml of the enzyme-carrier 
2  
c o m p l e x  a t  5  m l / m i n ,  p r o d u c i n g  a  l i n e a r  f l o w  r a t e  o f  a p p r o x i m a t e l y  1 5  
e m / m i n .  A f t e r  l e a v i n g  t h e  r e a c t o r ,  t h e  s u b s t r a t e  s o l u t i o n  e n t e r e d  a  
s t i r r e d  r e s e r v o i r  a n d  t h e n  w a s  p u m p e d  b a c k  t o  t h e  r e a c t o r .  B o t h  r e a c t o r  
a n d  r e s e r v o i r  w e r e  s u b m e r g e d  i n  a  3 0  ° C  w a t e r  b a t h .  S a m p l e s  w e r e  w i t h -
d r a w n  f r o m  t h e  r e s e r v o i r  w i t h i n  t h e  3 0  m i n  p e r i o d  W h e n  t h e  r e a c t i o n  r a t e  
w a s  c o n s t a n t  f o r  r e d u c i n g  s u g a r  a n a l y s i s .  
R E S U L T S  
E f f e c t  o f  c a
2
+  o n  S t a b i l i t y  o f  S o l u b l e  D e x t r a n s u c r a s e  
D e x t r a n s u c r a s e  p u r i f i e d  b y  L K B  U l t r o g e l  A c A  3 4  g e l  p e r m e a t i o n  
c h r o m a t o g r a p h y  w a s  c o n c e n t r a t e d  t e n - f o l d  w i t h  a n  A m i c o n  X M - 1 0 0 A m e m b r a n e  
i n  a  M o d e l  4 0 2  u l t r a f i l t e r  a n d  t h e n  d i l u t e d  t w e n t y - f o l d  w i t h  p H  4 . 5 ,  
0 . 2 M  a c e t a t e  b u f f e r  w i t h  v a r y i n g  a m o u n t s  o f  C a C 1
2
•  T h e  i o n i c  s t r e n g t h  
w a s  m a d e  c o n s t a n t  b y  a d d i t i o n  o f  N a C l .  I n i t i a l  a c t i v i t y  a t  2 7 . 5  ° C  w a s  
0 . 8 4  U / m l .  S a m p l e s  w e r e  w i t h d r a w n  a f t e r  v a r y i n g  p e r i o d s  a t  t h a t  t e m p e r a -
t u r e  t o  t e s t  f o r  r e m a i n i n g  a c t i v i t y .  
A s  i n  c a s e s  w h e r e  n o  c a
2
+  w a s  p r e s e n t ,  i n i t i a l  d e c a y  w a s  r a p i d ,  
a c t i v i t y  r e a c h i n g  a  c o n s t a n t  l e v e l  a f t e r  1  h r  o r  m o r e .  A s  s h o w n  i n  
F i g u r e  1 ,  a d d i t i o n  o f  5 m M  c a 2 +  o r  m o r e  s t a b i l i z e d  s o l u b l e  d e x t r a n s u c r a s e  
s i g n i f i c a n t l y .  
I m m o b i l i z a t i o n  o f  D e x t r a n s u c r a s e  o n  P o r o u s  S i l i c a  
A t  r o o m  t e m p e r a t u r e  5  g  o f  C o r n i n g  a l k y l a m i n e  p o r o u s  s i l i c a  ( 4 0 0  A  
:  1 0 %  p o r e  d i a m e t e r )  w e r e  a d d e d  t o  2 . 5 %  g l u t a r a l d e h y d e  ( 2 5 %  g l u t a r a l -
d e h y d e  d i l u t e d  w i t h  O . l M  s o d i u m  p h o s p h a t e  b u f f e r  a t  p H  7 ) .  A f t e r  
a s p i r a t i n g  f o r  2  h r ,  t h e  a c t i v a t e d  c a r r i e r  w a s  w a s h e d  w i t h  d i s t i l l e d  
w a t e r ,  a n d  t h e n  e q u i l i b r a t e d  w i t h  0 . 2 M  a c e t a t e  b u f f e r ,  f o l l o w e d  b y  0 . 0 5 M  
a c e t a t e  b u f f e r .  B o t h  w e r e  a t  t h e  p H  a t  w h i c h  e n z y m e  b i n d i n g  w a s  t o  b e  
c o n d u c t e d ,  u s u a l l y  p H  5 . 2 .  
A f t e r  t h i s ,  p u r i f i e d  d e x t r a n s u c r a s e  s o l u t i o n  w i t h  a n  a c t i v i t y  o f  
2 . 2 7  U / m l  w a s  a d d e d  t o  t h e  a c t i v a t e d  c a r r i e r ,  u s u a l l y  a t  a  r a t i o  o f  
2  m l  e n z y m e  s o l u t i o n  t o  1  g  d r y  c a r r i e r .  A f t e r  v a r y i n g  p e r i o d s  o f  t i m e  
a t  4  ° C ,  t h e  i m m o b i l i z e d  e n z y m e  w a s  w a s h e d  f i v e  t i m e s  w i t h  0 . 0 5 M  a c e t a t e  
b u f f e r  a t  p H  5 . 2  a n d  a s s a y e d  i n  t h e  r e a c t o r  d e s c r i b e d  p r e v i o u s l y .  
T h e  e f f e c t  o f  v a r y i n g  b i n d i n g  c o n d i t i o n s  i s  s h o w n  i n  T a b l e  1 .  U s e  
o f  p H  5 . 2  l e d  t o  h i g h e r  f i n a l  a c t i v i t i e s  i n  s o l u t i o n  a n d  o n  t h e  c a r r i e r  
t h a n  d i d  h i g h e r  p H ' s .  W h i l e  h i g h e r  e x p o s u r e  t i m e s  y i e l d e d  h i g h e r  
a c t i v i t i e s  o n  t h e  c a r r i e r ,  r e t e n t i o n  o f  a c t i v i t y  d e c r e a s e d .  
P r o p e r t i e s  o f  D e x t r a n s u c r a s e  I m m o b i l i z e d  t o  P o r o u s  S i l i c a  
D e x t r a n s u c r a s e  i m m o b i l i z e d  t o  a l k y l a m i n e  p o r o u s  s i l i c a  w a s  m o s t  
a c t i v e  a t  p H  4 . 8  t o  5 . 2  ( F i g .  2 ) ,  w i t h  a b o u t  h a l f  a c t i v i t y  a t  p H ' s  4 . 3  
a n d  6 . 5 ,  w h e n  a s s a y e d  i n  a  p a c k e d  r e a c t o r  a t  3 0  ° C  w i t h  0 . 0 3 7 5 M  T r i a -
c i t r a t e  b u f f e r .  
3 
The activity of the immobilized enzyme at pH 5.2 in 0.05M acetate 
buffer was highest at 35 °C, as shown in Fig. 3. The activation energy 
between 15 and 30 °C was 6.9 kcal/mole. 
Equal weight portions (1.525 g) of dry silica beads, which gave 
approximately 2 ml wetted volume upon packing, were activated with 
glutaraldehyde and bound separately with dextransucrase under identical 
conditions. Each was equilibrated and incubated at the specified pH 
with 0.0375M Tris-citrate buffer for a different specific time period 
at 30 °C. The immobilized enzyme was found to be most stable at pH 5.2, 
with half-lives after the initial rapid decay indicated in Fig. 4. 
To determine the effect of temperature on stability, different 
samples of dextransucrase-silica complex were incubated at a specified 
temperature for a different specific time period in 0.05M acetate buffer 
at pH 5.2 and was then assayed at 30 °C, yielding the results shown in 
Fig. 5. 
DISCUSSION 
The deviation of immobilized 1· mesenteroides dextransucrase from 
first-order decay is similar to that noted previously with the soluble 
form of the enzyme, though the high stability of the soluble form at 
27.5 °C was not completely duplicated by the immobilized enzyme. 
In general, the yields of active dextransucrase upon immobilization 
were disappointing. While large proportions of the offered enzyme 
activity disappeared from the solution in contact with the activated 
carrier, little of this activity was transferred to the carrier. Cellu-
lose and the members of Aldrich's Enzacryl series of enzyme carriers 
performed even more poorly than porous silica. Results with Hydron 
Laboratories Spheron beads, which are of aminopolymethacrylate composi-
tion, were somewhat below those with silica. 
Immobilization does not alter the optimum pH or, within experimental 
error, the energy of activation of dextransucrase. It does seem to 
stabilize the enzyme slightly, though not to the extent that it could be 
employed in immobilized form for industrial purposes, at least in the 
absence of substrate or product. It is expected that much higher sta-
bilities would be observed in the presence of high concentrations of 
sucrose or dextran. 
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Table 1. Lmmobilization of dextransucrase on porous silica. 
Enzyme vol. per Innnobilized Disappearance Retention of 
Exposure time, wt. dry carrier, activity, of activity from activity upon 
Binding pH hr ml/g U/g solution, % immobilization, % 
5.2 24 2 0.51 77.9 14.1 
5.2 2 1.5 0.39 59.6 19.6 
5.2 2 2 0.35 47.5 16.5 
6.0 2 2 0.35 76.7 10.2 
7.0 2 2 0.237 88.8 6.0 
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GROWTH OF LIPID-PRODUCING ORGANISMS ON FORMIC 
AND ACETIC ACID - CONTAINING WASTE WATERS 
Lin-Chang Chiang 
Department of Chemical Engineering 
University of Missouri-Columbia 
Columbia, Missouri 65201 
Low molecular weight fatty acids are generated or used in solvent 
systems in numerous organic chemical synthesis routes of commercial 
significance. In several processes the condensation of process vapors 
results in the collection of the more volatile acids in condenser waters. 
Formic and acetic acids are commonly found in condenser waters in con-
centrations up to 6 percent. While it is prohibitively expensive to 
recover these acids by concentration, it may be possible to recover 
valuable products by their fermentation. 
Many microorganisms are known to be capable of storing considerable 
quantities of lipid materials when grown under appropriate cultural con-
ditions. The production of lipids for industrial and food uses from 
these microbes has long been of interest in order to stabilize costs and 
prepare unique lipid products. Since the economic production of lipids 
on an industrial scale depends upon the use of inexpensive substrates, 
it was of interest to study the possibility of microbial production of 
lipids by using organic acid-containing industrial waste waters as the 
sole carbon source. 
Acetate is known to be an important precurssor for de ~ bio-
synthesis of lipids in microorganisms. The successive condensation of 
acetyl-CoA with acetyl-CoA, propionyi-CoA or branched acyl derivatives 
gives even-numbered, odd-numbered or branched-chain fatty acids from 
which acylglycerol and phosphoglyceride are formed. Acetyl-CoA is also 
responsible for the formation of sterols. 
To ascertain the potential of producing lipids from formate and 
acetate-containing waste waters, a survey of formate and acetate-
utilizing microorganisms was made as shown in Table 1. A survey of lipid-
producing microorganisms was also made and is shown in Table 2. A screen 
of several of these cultures was then carried out to test their ability 
to grow in the acid waste water. 
1 2  
M A T E R I A L S  A N D  M E T H O D S  
M i c r o o r g a n i s m s  
C u l t u r e s  o f  O i d i u m  l a c t i s ,  F u s a r i u m  s p . ,  T h a m n i d i u m  s p . ,  P e n i c i l l i u m  
i t a l i c u m ,  A s p e r g i l l u s  o c h r a c e u s ,  A s p e r g i l l u s  p a r a s i t i c u s ,  P s e u d o m o n a s  
a e r u g i n o s a ,  E n t e r o b a c t e r  a e r o g e n e s ,  A s p e r g i l l u s  t e r r e u s ,  P s e u d o m o n a s  
f l u o r e s c e n s ,  S a c c h a r o m y c e s  c e r e v e s i a e ,  a n d  C a n d i d a  u t i l i s  w e r e  o b t a i n e d  
f r o m  D r .  R .  T .  M a r s h a l l ,  D e p a r t m e n t  o f · F o o d  S c i e n c e  a n d  N u t r i t i o n ,  U n i -
v e r s i t y  o f  M i s s o u r i  - C o l u m b i a .  M o l d s  a n d  y e a s t s  w e r e  m a i n t a i n e d  o n  
s l a n t s  w i t h  p o t a t o - d e x t r o s e  a g a r .  B a c t e r i a  w e r e  m a i n t a i n e d  o n  s l a n t s  
w i t h  n u t r i e n t  a g a r .  
A c i d  W a s t e  W a t e r s  
F o u r  g a l l o n s  o f  a c i d - c o n t a i n i n g  w a s t e  w a t e r  w a s  s u p p l i e d  b y  H e r -
c u l e s  I n c o r p o r a t e d .  T h e  w a t e r  w a s  o b t a i n e d  b y  c o n d e n s a t i o n  o f  v a p o r  
f r o m  a n  o x i d i z e r  i n  t h e  m a n u f a c t u r e  o f  d i m e t h y l t e r e p h t h a l a t e .  T h e  
s t r e a m  c o n t a i n e d  a b o u t  4 %  a c e t i c  a c i d  a n d  2 %  f o r m i c  a c i d  p l u s  l o w  c o n -
c e n t r a t i o n s  o f  o t h e r  o r g a n i c s  w h i c h  w e r e  n o t  i d e n t i f i e d .  D e t a i l s  f o r  
t h i s  p r o c e s s  a r e  g i v e n  i n  u . s .  P a t e n t  3 , 9 5 6 , 3 6 2  a s s i g n e d  t o  H e r c u l e s  
I n c o r p o r a t e d .  
C u l t u r e  M e d i u m  
F u l l  s t r e n g t h  a n d  d i l u t e d  f o r m a t e  a n d  a c e t a t e - c o n t a i n i n g  w a s t e  
w a t e r  w a s  a d d e d  t o  a  n u t r i e n t  m e d i u m  w i t h  t h e  f o l l o w i n g  c o m p o s i t i o n :  
1 . 5  g / 1  K H
2
P o
4
,  0 . 5  g / 1  M g S 0 4 · 7 H
2
o ,  5  g / 1  ( N E 4 )
2
s o 4 ,  1  g / 1  y e a s t  e x t r a c t ,  
2  g / 1  N a C l ,  a n d  1  m l / 1  o f  t r a c e  m i n e r a l s  s o l u t i o n .  T h e  t r a c e  m i n e r a l s  
s o l u t i o n  c o n t a i n e d  1 6 . 7  g  F e C l 3 · 6 H
2
0 ,  0 . 1 8  g  Z n S 0 4 · 1 H
2
o ,  0 . 1 6  g  C u S 0 4 ·  
s u
2
o ,  0 . 1 8  g  C o C l 3 • 6 H 2 0 ,  a n d  2 0 . 1  g  E D T A  m a d e  u p  t o  1  l i t e r  w i t h  d i s -
t i l l e d  w a t e r .  T h e  m e d i u m  w a s  t h e n  a d j u s t e d  t o  a  d e s i r e d  i n i t i a l  p H  
v a l u e  w i t h  5 0 %  N a O H ,  c o n c e n t r a t e d  ~OH, o r  C a c o
3  
p o w d e r .  
T e s t  T u b e  C u l t u r e s  
F o r  t h e  i n i t i a l  s c r e e n i n g  t e s t  f o r  a b i l i t y  t o  m e t a b o l i z e  a c i d s  i n  
t h e  w a s t e  w a t e r ,  1 0  m l  o f  t h e  l i q u i d  m e d i u m  w a s  s t e r i l i z e d  i n  a  c a p p e d ,  
1 5  m l  c u l t u r e  t u b e  f o r  3 0  m i n  a t  1 5  p s i g  a n d  i n o c u l a t e d  a f t e r  c o o l i n g  
w i t h  0 . 5  m l  o f  l i q u i d  i n o c u l u m  c o n t a i n i n g  t h e  d e s i r e d  o r g a n i s m .  T h e  
i n o c u l a  w e r e  p r e p a r e d  b y  s w i r l i n g  t h e  3  d a y - o l d  s l a n t  c u l t u r e  w i t h  5  m l  
s t e r i l e  d i s t i l l e d  w a t e r .  I n c u b a t i o n  o f  t h e  t u b e s  w a s  f o r  5  d a y s  a t  2 4  ° C  
e x c e p t  f o r  f .  a e r u g i n o s a  a n d  ! ·  a e r o g e n e s ,  w h i c h  w e r e  i n c u b a t e d  a t  3 4  ° C .  
E a c h  t u b e  w a s  i n s p e c t e d  a t  t h e  e n d  o f  5  d a y s  f o r  v i s u a l  t u r b i d i t y  i n -
d i c a t i v e  o f  g r o w t h .  T u r b i d i t y  w a s  r a t e d  o n  a n  a r b i t r a r y  f o u r - p o i n t  s c a l e  
o f  h e a v y  g r o w t h ,  g r o w t h ,  s l i g h t  g r o w t h ,  a n d  n o  a p p a r e n t  g r o w t h .  
F l a s k  C u l t u r e s  
M o r e  q u a n t i t a t i v e  g r o w t h  t e s t s  w e r e  c a r r i e d  o u t  i n  1 2 5  m l  E r l e n m e y e r  
f l a s k s  c o n t a i n i n g  2 5  m l  o f  t h e  l i q u i d  m e d i u m  p l u s  v a r i o u s  l e v e l s  o f  t h e  
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acid waste water. The flasks were inoculated with 0.5 ml of liquid cul-
ture containing the desired organism, and incubated at constant tempera-
ture both with and without shaking for five days. Cell growth was 
measured by centrifuging the cells from the medium, washing thoroughly 
with distilled water, and drying the cells to constant weight. The 
change of medium pH at the end of the test was also measured. 
Fed-Batch Culture 
A 1 liter inoculum of Oidium lactis was used to inoculate 10 1 of 
liquid medium in a New Brunswick Scientific Co. 14 1 Microferm 
fermenter. Fermentation conditions were 24 °C, 2 1/min aeration, 300 
rpm agitation, and pH 4.0. To maintain the pH, acid waste water at full 
strength was automatically fed to the culture whenever pH rose to 4.0. 
RESULTS 
The results of the initial screening of organisms to select those 
capable of utilizing acetate and formate in waste waters are shown in 
Table 3. Of the twelve organisms tested, Q. lactis, Fusarium sp., f. 
italicus, !· parasiticus, and !· terreus showed the ability to grow well 
on this substrate. Oidium lactis demonstrated the only significant 
growth in the most concentrated acid ~,dium (10 x dilution). It is noted 
that these organisms are all mycelial fungi, and it is seen that the 
bacteria and yeasts tested showed less than satisfactory growth. 
The growth was apparently much less a function of the pH level than 
of the acid level, and the response to the different bases used to 
initially adjust the pH showed no pattern but was obviously important in 
several cases (most notably with 0. lactis at high acid concentration). 
The results for the growth of five selected organisms in shaken and 
unshaken flasks at different initial pH conditions is shown in Table 4. 
All flasks used waste water diluted 100-fold as the substrate source, 
and cell concentrations and pH were measured after 5 days. It is seen 
that the degree of agitation had much less effect on the culture growth 
than did the pH level. Response of initial pH differed widely between 
organisms and no pattern is apparent. Highest growth levels were achieved 
by the Fusarium sp. growth with shaking up to around 1 g/1 dry cell 
weight. Several other organisms, however, produced significant cell mass 
in both the shaken and unshaken flasks. 
The 10 1 fed-batch culture of Q. lactis was run for 72 hr, during 
which time the culture demanded 0.48 1 of the undiluted acid waste 
water as the culture pH was automatically maintained at 4.0. It is noted 
in Table 4 that pH normally rises at the end of fermentations initially 
begun at pH 4 or 5, and this phenomena was used both to maintain constant 
pH and to supply substrate to the culture. At the end of the 72 hr per-
iod the cell concentration of Q. lactis was 2.4 g/1. 
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D I S C U S S I O N  
F r o m  t w e l v e  k n o w n  l i p i d  p r o d u c i n g  o r g a n i s m  s p e c i e s  i n v e s t i g a t e d  i n  
t h e  i n i t i a l  s c r e e n ,  f i v e  m y c e l i a l  f u n g i  d e m o n s t r a t e d  t h e  a b i l i t y  t o  g r o w  
w e l l  o n  a c e t i c  a n d  f o r m i c  a c i d - c o n t a i n i n g  w a s t e  w a t e r s .  T h e s e  f i v e  
s p e c i e s  w e r e  t e s t e d  i n  f l a s k  c u l t u r e s  a t  v a r i o u s  p H  v a l u e s  t o  d e t e r m i n e  
p H  o p t i m a  f o r  g r o w t h .  T h r e e  o f  t h e  f i v e  c u l t u r e s  d e m o n s t r a t e d  t h e  
a b i l i t y  t o  g r o w  w e l l  a t  p H  l e v e l s  a r o u n d  4 . 0 .  O n e  o r g a n i s m ,  Q .  l a c t i s ,  
d e m o n s t r a t e d  t h e  a b i l i t y  t o  b e  o p e r a t e d  i n  a n  a u t o m a t i c  f e d - b a t c h  c u l -
t u r e  a c t i v a t e d  b y  p H  c o n t r o l  w i t h  g r o w t h  . u p  t o  2 . 4  g / 1  d r y  c e l l  w e i g h t .  
W h e n  o r g a n i s m s  f r o m  t h i s  c u l t u r e  w e r e  v i e w e d  u n d e r  a  m i c r o s c o p e ,  l i p i d  
d r o p l e t s  w e r e  s e e n  i n s i d e  t h e - c e l l s .  
T h e  a u t o m a t i c  f e d - b a t c h  t e c h n i q u e  i s  s e e n  a s  a  v e r y  a p p r o p r i a t e  
a n d  e a s y  m e t h o d  t o  u s e  f o r  l a b o r a t o r y  a n d  p r o d u c t i o n  c u l t u r e  o f  t h e s e  
c e l l s  f o r  l i p i d  p r o d u c t i o n  f r o m  a c i d - c o n t a i n i n g  w a s t e  w a t e r s .  
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Table 1. Formate or acetate utilizing microorganisms. 
Microorganisms 
Bacillus subtilis AJ3266 
Pseudomonas C 
Candida utilis 
Phichia memhranaefaciens IFO 0128 
Hansenula anomala IFO 0118 
Candida mycoderma IFO 0164 
Candida utilis IFO 396 
Sarcina ventriculi 
Torulopsis utilis 
Aspergillus niger 
Escherichia coli 
Pseudomonas KBI 
Fusarium lini balley 
Saccharomyces cerevisiae 
Reference 
23 
2 
7 
21 
1 
11 
5 
14 
13 
4 
28 
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T a b l e  2 .  P o t e n t i a l  m i c r o o r g a n i s m s  f o r  p r o d u c t i o n  o f  l i p i d s .  
M i c r o o r g a n i s m s  
R e f e r e n c e s  
R h o d o t o r u l a  g r a c i l i s  8 ,  9 ,  1 9 ,  2 0 ,  2 2 ,  2 6  
T o r u l o p s i s  l i p o f e r a  1 2  
A s p e r g i l l u s  n i d u l a n s  1 0 ,  1 6 ,  2 4 ,  2 9  
A .  f l a v u s  1 6 ,  2 9  
A .  c l a v a t u s  1 6  
A .  f l a v i p e s  2 9  
A .  t e r r e u s  2 5  
A .  o c h r a c e u s  
2 5  
C l a d o s p o r i u m  f u l v u m  2 5  
C .  h e r b a r u m  2 5  
P e n i c i l l i u m  j a v a n i c u m  
1 0 ,  1 5 ,  1 6 ,  2 7 ,  2 9  
P .  s o p p i  
1 6 ,  1 7 '  1 8  
P .  s p i n u l o s u m  1 0 ,  1 6 ,  2 9  
P .  a u r i n t i o b r u n n e u m  1 6  
P .  o x a l i c u m  
1 6 ,  2 9  
P .  p i s c a r i u m  
2 9  
P .  f l a v o - c i n e r e u m  2 9  
P .  l i l a c i n u m  
6  
P .  g l a d i o l i  
2 5  
P y t h i u m  i r r e g u l a r e  
3  
19 
table 3. Growth of twelve organisms in diluted waste water with pH adjustment by three bases. 
Caco3 NH40H NaOH Dilution 
Organism factor pH Growth pH Growth pH Growth 
Oidium 1actis 10 4 +++ 4 4 
25 4 
50 4 +++ 
100 4 +++ 4 +++ 4 +++ 
Fusarium sp. 10 4 4 4 
10 7 7 
100 4 +++ 4 +++ 4 +++ 
100 7 +++ 7 +++ 
Thamnidium sp. 10 4 4 4 
10 7 
100 4 4 4 
100 7 
Penicillium italicum 10 4 4 4 
100 4 +++ 4 +++ 4 +++ 
Aspergillus ochraceus 10 4 4 4 
10 7 
25 4 
.50 4 +++ 
100 4 4 4 
100 7 + 
Aspergillus parasiticus 10 4 4 4 
100 4 +++ 4 +++ 4 +++ 
Aspergillus terreua 10 4 4 4 
10 7 
100 4 +++ 4 4 
100 4.9 +++ 7 +++ 
Pseudomonas aeruginosa 5 7 
10 4 7 ++ 7 ++ 
10 4.9 ++ 
100 4 7 ++ 
100 4.7 ++ 
Enterobacter aerogenes 10 4 7 ++ 7 ++ 
10 4.9 ++ 
100 4 7 ++ 7 ++ 
100 4.7 ++ 
Pseudomonas fluoreacens 10 4 7 7 
100 4.7 7 7 
Saccharomyces cerevisiae 10 4 + 4 + 4 + 
10 4.9 7 
100 4 + 4 4 
100 4.7 7 
Candida utilis 10 4 4 4 
10 7 
100 4 4 4 
100 7 
+++ • heavy growth, ++ • growth, + • slight growth, - • no growth 
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T a b l e  4 .  
C e l l  m a s s  a n d  p H  c h a n g e  o f  s e l e c t e d  c u l t u r e s  g r o w n  i n  1 0 0 - f o l d  d i l u t e d  w a s t e  w a t e r  u n d e r  d i f f e r e n t  p H  
c o n d i t i o n s  f o r  f i v e  d a y s .  
F i n a l  c e l l  
c o n c e n t r a t i o n  
M i c r o o r g a n i s m  
I n i t i a l  p H  
( g / l i t e r  d r y  w t . )  
p H  c h a n g e  
( U n s h a k e n  C u l t u r e )  
F u s a r i u m  s p .  
4  
0  0 . 2 2  
5  
0 . 7 8  
2 . 1 2  
6  0 . 7 2 4  
1 . 3 2  
7  
0 . 9 6 4  0 . 4 4  
8  0 . 9  - 0 . 2 5  
O i d i u m  l a c t i s  
4  
0 . 1 2 4  
2 . 4 0  
5  0 . 3 9 2  
2 . 0 0  
6  0 . 2 1  1 . 4 2  
7  
0 . 5 5 2  
0 . 5 0  
8  0 . 4 8 4  - 0 . 2 8  
P e n i c i l l i u m  i t a l i c u m  4  
0 . 7 4  
2 . 4 8  
5  
0 . 6 9 6  
2 . 1 0  
6  0 . 3 8 8  
1 . 1 1  
7  
0 . 5 0 4  0 . 2 0  
8  0 . 2 1 6  
- 0 . 3 0  
A s p e r g i l l u s  t e r r e u s  4  
0 . 6 5 6  2 . 5 0  
5  
0 . 6 4  
2 . 0 0  
6  
0 . 7 2 8  1 . 0 0  
7  0 . 8 7 6  0 . 1 8  
8  
0 . 7 6  - 0 . 2 5  
A s p e r g i l l u s  p a r a s i t i c u s  
4  
0 . 6 0 8  
2 . 6 7  
5  
0 . 4 7 6  2 . 1 0  
6  
0 . 5 4  1 . 0 5  
7  0 . 5 9 2  
0 . 1 6  
8  
0 . 5 4  
- 0 . 3 0  
( S h a k e n  C u l t u r e  ( 2 0 0  r p m ) }  
F u s a r i u m  s p .  
4  
0  
0 . 1 8  
5  o .  7 4  
2 . 3 3  
6  
0 . 8 6  
1 . 5 2  
7  
1 . 1 1 2  0 . 5 7  
8  
1 . 6 4 8  
- 0 . 1 8  
r  
O i d i u m  l a c t i s  4  
0 . 1  2 . 2 2  
5  0 . 2 4 8  
1 .  9 5  
6  
0 . 2 3 6  
1 . 2 0  
7  
0 . 1 8 8  
0 . 4 5  
8  
0 . 3 1 2  
- 0 . 2 2  
P e n i c i l l i u m  i t a l i c u m  
4  
0 . 6 7 2  2 . 6 0  
5  
0 . 3 7 2  2 . 2 2  
6  
0 . 3 3 6  1 . 4 1  
7  0 . 4 4 4  0 . 3 5  
8  
0 . 3 5 2  - 0 . 1 0  
A s p e r g i l l u s  t e r r e u s  
4  
0 . 6 5 6  2 . 6 0  
5  
- -
2 . 0 2  
6  
0 . 6 2  1 . 1 5  
7  o .  7 4  
0 . 3 2  
8  
0 . 5  
- 0 . 0 8  
A s p e r g i l l u s  p a r a s i t i c u s  
4  
0 . 6 8  
2 . 6 2  
5  
0 . 7 8 8  
2 . 0 5  
6  
0 . 5 5 6  
1 . 1 3  
7  0 . 8 1 2  
0 . 2 2  
8  
0 . 6 9 2  
- 0 . 1 8  
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DESIGN OF AN AUTOMATED ALKALINE 
COPPER REDUCING SUGAR ASSAY 
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INTRODUCTION 
Automated determinations of reducing sugars have been employed 
mainly in clinical applications. Now there is greatly heightened in-
terest in the enzymatic and acid hydrolysis of polysaccharides, chiefly 
cellulose and hemicellulose, and this opens another area for the use of 
automated reducing sugar analyses. 
We have been engaged in the separation and purification of the 
xylanase family, the group of enzymes that catalyze the breakdown of the 
hemicellulose xylan. We assay the activity of these enzymes by measur-
ing the quantity of reducing sugars they liberate from xylan. Tests for 
specific sugars are not generally applicable, since xylan is composed of 
a number of different sugars, and enzymatic hydrolysis liberates a 
variety of fragments of varying chain length and composition. The use of 
an automated assay for these enzymes is attractive, as their separation 
by gel permeation and ion exchange chromatography requires the analysis 
of a large number of fractions, most containing one or more members of 
the xylanase family. 
For manual assays we have employed the Somogyi-Nelson (1,2) colori-
metric analysis for reducing sugars, as it was reported to yield roughly 
the same absorbance from equal concentrations of homologous polysac-
charides at least for the maltodextrin series (3), which is not true of 
the dinitrosalicylic acid method. In addition, the absorbance increases 
with increasing concentrations of reducing sugar, opposite to the ferri-
cyanide analysis. This may be an advantage when the quantity of reducing 
sugar varies greatly from sample to sample, as it does in enzyme sepa-
rations. 
Little work on the automated Somogyi-Nelson analysis has been re-
ported. Fuller (4) found it necessary to increase the pH of the oxidizing 
solution to increase the rate of reaction. In addition, he added EDTA so 
that cuprous oxide would not precipitate on the walls of the tubing. 
Even beyond this, he eliminated sodium sulfate and sodium potassium tar-
trate from the solution. It was not clear from his paper how operable his 
system was, and the data presented for the response of his system to var-
ious sugars were sketchy. 
2 2  
T h e  w o r k  r e p o r t e d  h e r e  f o l l o w s  t h r e e  l i n e s  o f  i n q u i r y :  ( 1 )  a n  i n -
v e s t i g a t i o n  o f  t h e  a u t o m a t e d  a l k a l i n e  c o p p e r  r e d u c i n g  s u g a r  a n a l y s i s  
u s i n g  F u l l e r ' s  m o d i f i c a t i o n s  t o  t h e  S o m o g y i - N e l s o n  m e t h o d ,  t o  d e t e r m i n e  
i f  i t  i s  w o r k a b l e ,  ( 2 )  m e a s u r e m e n t  o f  t h e  s t o i c h i o m e t r y  a n d  k i n e t i c s  o f  
t h e  o r i g i n a l  S o m o g y i - N e l s o n  m e t h o d  w i t h  d i f f e r e n t  r e d u c i n g  s u g a r s  c o m -
p o s e d  o f  o n e  t o  f o u r  u n i t s ,  a n d  ( 3 )  m e a s u r e m e n t  o f  t h e  s t o i c h i o m e t r y  a n d  
k i n e t i c s  o f  t h e  F u l l e r  m o d i f i c a t i o n ,  u s i n g  m o n o - a n d  d i s a c c h a r i d e s .  
T h e s e  l a s t  t w o  a r e a s  w e r e  i n v e s t i g a t e d  s o  t h a t  o p t i m u m  r e a c t i o n  c o n d i t i o n s  
f o r  s u g a r s  o f  d i f f e r e n t  s t r u c t u r e  a n d  c h a i n  l e n g t h  c o u l d  b e  c h o s e n ,  a n d  
s o  t h a t  t h e  u n i f o r m i t y  o f  r e s p o n s e  o f  t h e  a n a l y s i s  t o  d i f f e r e n t  s u g a r s  
c o u l d  b e  m e a s u r e d .  
M A T E R I A L S  A N D  M E T H O D S  
M a t e r i a l s  
T h e  f o l l o w i n g  s u g a r s  w e r e  e m p l o y e d :  L - a r a b i n o s e  ( S i g m a  L o t  2 4 C -
0 4 0 0 ) ,  c e l l o b i o s e ,  C . P .  ( P f a n s t i e h l  L o t  6 6 8 8 ) ,  D - f r u c t o s e  ( F i s h e r  L o t  
7 5 5 6 6 1 ) ,  a - L - f u c o s e  ( S i g m a  L o t  1 6 C - 0 2 0 5 ) ,  D - g a l a c t o s e  . ( M C B  L o t  5 2 2 7 ) ,  
~-D-glucose, G r a d e  I I I  ( S i g m a  L o t  1 2 4 C - 0 2 2 4 ) ,  D - l a c t o s e  ( B a k e r  L o t .  
3 5 2 4 4 ) ,  D - l y x o s e  ( N B C  L o t  2 2 8 1 ) ,  D - m a l t o s e  ( B a k e r  L o t  U B C - 8 0 3 ) ,  m a l t a -
t r i o s e ,  G r a d e  I I  ( S i g m a  L o t  ~4C-0312), D - m a n n o s e  ( S i g m a  L o t  1 1 4 C - 0 0 0 6 ) ,  
L - r h a m n o s e  ( M C B  L o t  5 8 3 5 ) ,  D - r i b o s e  ( S i g m a  L o t  1 6 C - 0 2 0 8 ) ,  L - s o r b o s e ,  
C . P .  ( P f a n s t i e h l  L o t  8 0 2 3 ) ,  a n d  D - x y l o s e ,  G r a d e  I I  ( S i g m a  L o t  4 3 C - 1 3 9 1 9 ) .  
M a l t o t e t r a o s e  w a s  d o n a t e d  b y  P r o f e s s o r  J .  F .  R o b y t ,  I o w a  S t a t e  U n i v e r s i t y .  
M a n u a l  D e t e r m i n a t i o n s  
M a n u a l  a l k a l i n e  c o p p e r  e x p e r i m e n t s  w e r e  c o n d u c t e d  i n  a  H a a k e  M o d e l  
F S 2  c o n s t a n t  t e m p e r a t u r e  b a t h  f i l l e d  w i t h  e t h y l e n e  g l y c o l  a t  9 5  ° C .  T h i s  
a l l o w e d  m u c h  g r e a t e r  p r e c i s i o n  t h a n  t h e  b o i l i n g  w a t e r  b a t h  n o r m a l l y  e m -
p l o y e d .  
I n  o n e  s e r i e s  o f  e x p e r i m e n t s  2  m l  o f  N e l s o n ' s  C u S 0 4  r e a g e n t  ( T a b l e  
1 )  w a s  a d d e d  t o  e a c h  o f  t e n  F o l i n - W U  b l o o d  s u g a r  t u b e s  c o n t a i n i n g  2  m l  
e a c h  o f  a p p r o x i m a t e l y  2 . 2 m M  r e d u c i n g  s u g a r .  A f t e r  h e a t i n g  f o r  v a r i a b l e  
l e n g t h s  o f  t i m e ,  t h e  t u b e s  w e r e  c o o l e d  f o r  1 0 - 1 5  m i n  i n  r o o m  t e m p e r a t u r e  
w a t e r ,  a n d  2  m l  o f  N e l s o n ' s  a r s e n o m o l y b d a t e  r e a g e n t  ( 2 )  a d d e d  t o  e a c h .  
A f t e r  m i x i n g ,  t h e  c o n t e n t s  w e r e  d i l u t e d  w i t h  d i s t i l l e d  w a t e r  t o  2 5  m l  
( e x c e p t  f o r  m a l t o t e t r a o s e ,  w h i c h  w a s  d i l u t e d  t o  1 2 . 5  m l ) ,  a n d  t h e i r  
a b s o r b a n c e s  a t  5 0 0  n m  d e t e r m i n e d  w i t h  a  1  e m  p a t h  l e n g t h  c u v e t t e  i n  a  
B e c k m a n  D U  s p e c t r o p h o t o m e t e r  m o d i f i e d  w i t h  a  G i l f o r d  M o d e l  2 5 2  u p d a t e  
s y s t e m .  
I n  t h e  s e c o n d  s e r i e s  o f  e x p e r i m e n t s  2  m l  o f  F u l l e r ' s  u n b u f f e r e d  
C u S 0 4 - E D T A  r e a g e n t  ( 4 )  ( T a b l e  1 )  w a s  s u b s t i t u t e d  f o r  N e l s o n ' s  e u s o
4  
r e a g e n t .  O t h e r w i s e  a l l  p r o c e d u r e s  w e r e  i d e n t i c a l .  
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Automated Determinations 
A Technicon Autoanalyzer arranged as in Figure 1 was employed to 
analyze sugar solutions following Fuller's method (4), using the CuS04-
EDTA solution in Table 1. 
RESULTS AND DISCUSSION 
Automated Determinations 
Determination of reducing sugars by automated methods using Fuller's 
solutions did not achieve the precision or accuracy possible using the 
same techniques manually, which confirmed preliminary work with Nelson's 
reagents. In both cases unstable baselines and spurious peaks and shoul-
ders occurred. It appears that no good automated determination of 
reducing sugars using alkaline copper reagents is possible. 
Oxidation Reaction Kinetics 
Reactions with both Nelson's and Fuller's euso4 reagents followed first-order kinetics at all conversions for representatives of a number 
of classes of sugars, with the exception of maltose, maltotriose, and 
maltotetraose. In the latter cases two first-order segments on either 
side of 75% conversion occurred (Figure 2). First-order rate coeffi-
cients for these sugars are shown in Table 2 for Nelson's reagents and 
in Table 3 for Fuller's reagents. 
Substituting Fuller's CuS04 reagent for Nelson's increased the re-
action rate for all sugars three- to four-fold (presumably because of 
the higher pH of the former), but decreased the maximum absorbance 
roughly three-fold. Despite the increase in rate, more than 10 min in-
cubation is required to reach 95% conversion with many of the sugars 
tested using Fuller's CuS04 reagent, and an even longer period would 
probably be required for deoxyhexoses. Such long incubation times are 
not practical in automated analyses, but incubation for shorter periods 
would markedly alter the relative stoichiometries of different sugars. 
It is apparent, especially with Nelson's euso4 reagent, that re-
action rate is a function of the type and size of sugar molecule reacting, 
with ketohexoses reacting fastest, followed by aldopentoses, aldohexoses 
and di- and oligosaccharides, and finally by deoxyhexoses. For many of 
these sugars, incubations of 30 min at 95 °C with Nelson's reagent are 
not sufficient to achieve 95% conversion. This is a serious point when 
a mixture of sugars is being analyzed, for if the sugars are incompletely 
converted in the incubation period allowed, their relative stoichio-
metries will be affected, in the likely case that they react at different 
rates. 
The deviation of the maltodextrins from first-order kinetics is un-
explained at this time. While their reaction rates are almost equal for 
2 4  
t h e  i n i t i a l  7 5 %  o f  t h e  r e a c t i o n ,  t h e y  a r e  a p p r e c i a b l y  s l o w e r  f o r  t h e  
r e m a i n d e r .  T h e  l a t t e r  r a t e  c o n s t a n t s  a p p e a r  t o  b e  a n  i n v e r s e  f u n c t i o n  
o f  c h a i n  l e n g t h .  I f  t h i s  b e h a v i o r  c o n t i n u e s  f o r  l a r g e r  m e m b e r s  o f  t h e  
m a l t o d e x t r i n  s e r i e s ,  o r  f o r  t h e  x y l o d e x t r i n  s e r i e s ,  c a r e f u l  a t t e n t i o n  
w i l l  h a v e  t o  b e  p a i d  t o  t h e  d e s i g n  o f  a n y  r e d u c i n g  s u g a r  a n a l y s i s  o f  
m i x t u r e s  c o n t a i n i n g  t h e s e  s e r i e s  e x c l u s i v e l y .  I f  t h e  i n c u b a t i o n  t i m e  
i s  h i g h ,  d i f f e r e n t  m e m b e r s  o f  t h e s e  s e r i e s  m a y  b e  c o n v e r t e d  t o  d i f f e r -
e n t  e x t e n t s ,  s o  t h e  r e l a t i v e  s t o i c h i o m e t r y  w i l l  b e  a  f u n c t i o n  o f  
i n c u b a t i o n  t i m e .  I f  t h e i r  i n i t i a l  r e a c t i o n  r a t e s  a r e  c o n s t a n t ,  a s  k i n e t i c  
d e t e r m i n a t i o n  o f  t h e  l o w e r  m e m b e r s  o f  t h e  m a l t o d e x t r i n  s e r i e s  i n d i c a t e s ,  
i n c u b a t i o n  t i m e  s u f f i c i e n t l y  s h o r t  s o  t h a t  n o  m e m b e r  o f  e i t h e r  s e r i e s  
e n t e r s  i t s  s e c o n d ,  s l o w e r  r e a c t i o n  p h a s e  w i l l  l e a d  t o  c o n s t a n t  s t o i c h i o -
m e t r y .  C u r r e n t l y  w o r k  i s  u n d e r w a y  t o  s e p a r a t e  m e m b e r s  o f  t h e  t w o  s e r i e s  
s o  t h i s  q u e s t i o n  c a n  b e  r e s o l v e d .  
O x i d a t i o n  R e a c t i o n  S t o i c h i o m e t r y  
R e l a t i v e  a b s o r b a n c e s  m e a s u r e d  a f t e r  t h e  o x i d a t i o n  r e a c t i o n  w i t h  
N e l s o n ' s  o r  F u l l e r ' s  C u S 0 4  r e a g e n t  h a d  c e a s e d  a r e  s h o w n  i n  T a b l e  4 .  W i t h  
N e l s o n ' s  e u s o
4  
r e a g e n t ,  s t o i c h i o m e t r y  o f  t h e  d i - a n d  o l i g o s a c c h a r i d e s  
c o r r e s p o n d s  c l o s e l y  w i t h  g l u c o s e ,  a s  d o  m a n n o s e  a n d  L - s o r b o s e .  T h i s  i s  
i n  d i s a g r e e m e n t  w i t h  W h e l a n ,  B a i l e y ,  a n d  R o b e r t s  ( 5 ) ,  w h o  f o u n d  t h a t  
g l u c o s e  h a d  a  h i g h e r  m o l a r  r e d u c i n g  v a l u e  t h a n  t h e  m a l t o d e x t r i n s ,  p e r h a p s  
b e c a u s e  t h e i r  i n c u b a t i o n  p e r i o d  w a s  t o o  s h o r t .  T h e  a l d o p e n t o s e s ,  D -
f r u c t o s e ,  D - g a l a c t o s e ,  a n d  t h e  d e o x y h e x o s e s  g i v e  l o w e r  a b s o r b a n c e s  t h a n  
g l u c o s e .  R e s u l t s  a r e  s i m i l a r  w i t h  F u l l e r ' s  r e a g e n t ,  e x c e p t  t h a t  a b s o r b -
a n c e s  f o r  d i s a c c h a r i d e s  a r e  a p p r e c i a b l y  h i g h e r  t h a n  t h o s e  f o r  g l u c o s e .  
R e l a t i v e  s t o i c h i o m e t r i e s  o b t a i n e d  b y  F u l l e r  ( 4 )  b y  a u t o m a t e d  a s s a y  v a r y  
s i g n i f i c a n t l y  f r o m  t h o s e  o b t a i n e d  m a n u a l l y  w i t h  t h e  s a m e  r e a g e n t  b y  u s .  
C O N C L U S I O N S  
1 .  T h e  a u t o m a t e d  r e d u c i n g  s u g a r  a n a l y s i s  e m p l o y i n g  F u l l e r ' s  C u S 0 4 - E D T A  
r e a g e n t  d o e s  n o t  g i v e  s u f f i c i e n t l y  p r e c i s e  r e s u l t s  t o  b e  e m p l o y e d .  
I n  a d d i t i o n ,  r e a c t i o n s  w i t h  F u l l e r ' s  r e a g e n t  a r e  t o o  s l o w  t o  b e  
e a s i l y  u s e d  i n  a n  a u t o m a t e d  a n a l y s i s ,  a n d  s t o i c h i o m e t r y  o f  d i s a c c h a -
r i d e s  c o m p a r e d  t o  g l u c o s e  i s  i n f e r i o r  t o  t h a t  w i t h  N e l s o n ' s  e u s o
4  
r e a g e n t .  
2 .  K i n e t i c s  o f  t h e  o x i d a t i o n  r e a c t i o n  w i t h  e i t h e r  a l k a l i n e  c o p p e r  r e a -
g e n t  i s  g e n e r a l l y  f i r s t - o r d e r  f o r  a l l  c o n v e r s i o n s ,  a n d  r a t e s  v a r y  
w i t h  s u g a r  s t r u c t u r e .  
3 .  I n c u b a t i o n  t i m e s  m u s t  b e  c h o s e n  c a r e f u l l y  t o  a v o i d  a l t e r i n g  r e l a t i v e  
s t o i c h i o m e t r i e s  w h e n  s u g a r  m i x t u r e s  a r e  b e i n g  a n a l y z e d .  
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T a b l e  1 .  C o m p o s i t i o n s  o f  a l k a l i n e  c o p p e r  r e a g e n t s  e m p l o y e d  i n  t h e  r e -
d u c i n g  s u g a r  d e t e r m i n a t i o n .  
N a O H  
N a
2
c o
3  
N a H C 0
3  
N a K C 4 H 4 0 6  
N a
2
s o
4  
C u s o
4  
N a
4
E D T A  
p H  a t  2 5  o c  
C o n c e n t r a t i o n ,  M  
N e l s o n ' s  
C u S 0 4  
r e a g e n t  ( 2 )  
0 . 2 2 6 8  
0 . 2 2 8 9  
0 . 0 8 5 2  
1 . 3 5 4  
0 . 0 2 3 1  
9 . 4  
F u l l e r ' s  
C u s o
4
- E D T A  
r e a g e n t  ( 4 )  
0 . 0 2  
0 . 0 1 6 0  
0 . 0 2 6 3  
1 1 . 6  
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Table 2. First-order kinetic constants (k) and half-reaction tiiDes (t\) 
for the alkaline copper oxidation of various sugars by Nelson's 
method (2) at 95 °C. · · · ·· .. · 
Sugar 
A1dopentoses 
L-Arabinose 
D•Lyxose 
D•Ribose 
D-Xylose 
Ketohexoses 
D-Fructose 
L-Sorbose 
Aldohexose a 
D-G1ucose 
D-Mannose 
D-Galactose 
Deoxvhexoses 
L-Fucose 
L-Bhamnose 
Di- and 01igosaccharides 
a 
Cellobiose 
Lactose 
Maltose 
Ma1totriose 
Maltotetraose 
95% confidence 1~its. 
-1 k, min 
0.0921 % o.0020a 
0.187 % 0.035 
0.187 % 0.007 
0.156 :!: 0.010 
0.653 :!: 0.050 
0.668 ± 0.167 
0.126 % 0.004 
0.0680 % 0.0022 
0.0872 % 0.0032 
0.0360 :!: 0.0004 
0.0405 :!: 0.0010 
0.0866 :!: 0.0044 
0.0757 :!: 0.0035 
o.o939 : o.o226 (0.0748 : o.o247)b 
0.0883 :!: 0.0071 (0.0578 % 0.0061) 
0.0853 % 0.0100 (0.0357 :!: 0.0130) 
b Segment after 75% conversion. 
7.5 
3.7 
3.7 
4.4 
1.06 
1.04. 
5.5 
10.2 
7.9 
19.3 
17.1 
8.0 
9.2 
b 7.4 ( 9.3) 
7.9 (12.0) 
8.1 (19.1) 
2 8  
T a b l e  3 .  F i r s t - o r d e r  k i n e t i c  c o n s t a n t s  ( k )  a n d  h a l f  r e a c t i o n  t i m e s  
(t~) f o r  t h e  a l k a l i n e  c o p p e r  o x i d a t i o n  o f  v a r i o u s  s u g a r s  b y  
N e l s o n ' s  m e t h o d  ( 2 )  u s i n g  F u l l e r ' s  E D T A - C u s o
4  
r e a g e n t  ( 4 )  
a t  9 5  ° C .  
S u g a r  
A l d o p e n t o s e s  
L - A r a b i n o s e  
D - X y l o s e  
A l d o h e x o s e &  
D - G l u c o s e  
D - M a n n o s e  
D - G a l a c t o s e  
D i s a c c h a r i d e &  
C e l l o b i o s e  
L a c t o s e  
M a l t o s e  
a 9 5 %  c o n f i d e n c e  l i m i t  
k  m i  - 1  
'  n  
0 . 3 1 3  : i :  0 . 0 6 3 a  
0 . 6 2 7  : i :  0 . 0 6 8  
0 . 3 9 5  : i :  0 . 0 3 3  
0 . 2 3 6  : i :  0 . 0 2 2  
0 . 3 3 2  : i :  0 . 0 5 3  
0 . 2 7 0  : i :  0 . 0 2 7  
0 . 2 8 2  : i :  0 . 0 3 2  
0 . 3 1 0  : i :  0 . 0 4 7  
t \ '  m i n  
2 . 2 1  
1 . 1 1  
1 . 7 5  
2 . 9 4  
2 . 0 9  
2 . 5 7  
2 . 4 6  
2 . 2 4  
, . ,  
- : - - . . :  
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Table 4. Relative maxtmum absorbance& of equ~olar quantities of various 
sugars with Nelson's and Fuller's reagents. 
Nelson's Fuller's 
CuS04 Cuso4-EDTA Literature values for Sugar reagent reagent Fuller's automated assay (4) 
Aldopentoses 
L-Arabinose 0.76 0.85 
D-Lyxose 0.79 
D-Ribose 0.71 
D-Xylose 0.83 0.87 
Ketohexoses 
D-Fructose 0.88 1.68 
L-Sorbose 0.99 
Aldohexose& 
D-Glucose 1.00 1.00 1.00 
D-Mannose 0.98 1.03 
D-Galactose 0.84 0.85 0.62 
Deoxyhexoses 
L-Fucose 0.63 
L-Rhamnose 0.86 
Di- and Oligosaccharide& 
Cellobiose 1.09 1.25 
Lactose 1.05 1.21 1.32 
Maltose 1.02 1.31 1.43 
Maltotriose 0.99 
Maltotetraose 0.99 
--
3 0  
A Q U E O U S  S U G A R  1  . 1  m 1  / m i n  
. . .  ,  
A I R  1 . 0  m 1 / m i n  
F U L L E R ' S  C u s o
4
- E D T A  1 . 6  m 1 / m i n  
R E A G E N T  _ .  
1  
E T H Y L E N E  
G l  Y C Q l - •  - - + - t  . . . . , ,  
B A T H  
9 5 ° c  
4 . 4  m i n  
H O L D  T I M E '  I  I  
N E L S O N ' S  A R S E N O M D L Y B D A T E  
R E A G E N T : . . . . . . r - - - - - - - - - - - - - - - - ,  
W A S T E  {  :  ( 7 } . :  
1  
~~f:~:-E 
2 . 6  m 1 / m i n  
R E C O R D E R  
C O L O R I M E T E R  
5 5 0 - 6 5 0  n m  
F i g u r - e  1 .  T e c h n i c o n  m a n i f o l d  e m p l o y e d  i n  t h e  a u t o m a t i o n  o f  
t h e  a l k a l i n e  c o p p e r  r e d u c i n g  g r o u p  a s s a y  a c c o r d i n g  
t o  t h e  m e t h o d  o f  F u l l e r  (  4 ) .  
95 
90 
~ 8l 
• ~ 00 
-Cl) 
75L a:: w 
> z 
0 70 (.) 
60 
50 
401 JT 
5 10 
MALTOSE 
t 112 = 9. 3 min 
p~ 
ff/"' 
'\ t 112 = 7.4-8.1 min 
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REACTION TIME, min 
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t 112 = 19.4 min 
I 
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Figure 2. Kinetics of maltodextrin reaction with Nelson's reagent. 
\1.) 
~ 
I n t r o d u c t i o n  
3 2  
D E T E R M I N A T I O N  O F  O X Y G E N  T R A N S F E R  C O E F F I C I E N T S  
I N  H Y D R O C A R B O N  F E R M E N T A T I O N S  U S I N G  A  
M A T E R I A L  B A L A N C E  M E T H O D  
S e r a f i n  N .  S a n c h e z  a n d  J .  R .  G u t i e r r e z  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
K a n s a s  S t a t e  U n i v e r s i t y  
M a n h a t t a n ,  K a n s a s  6 6 5 0 6  
A e r o b i c  f e r m e n t a t i o n s  a r e  d e p e n d e n t  o n  t h e  s u p p l y  o f  o x y g e n  t o  t h e  l i q u i d  
p h a s e  f o r  m i c r o o r g a n i s m s  t o  g r o w  a n d  f u n c t i o n  p r o p e r l y .  I n d u s t r i a l  f e r m e n -
t a t i o n s  a r e  o f t e n  l i m i t e d  i n  t h e i r  p r o d u c t i v i t y  b y  t h e  o x y g e n  t r a n s f e r  r a t e .  
O n e  o f  t h e  p r i m a r y  p a r a m e t e r s  o n  w h i c h  t o  j u d g e  f e r m e n t e r  o p e r a t i n g  p e r f o r m a n c e  
a n d  t o  b a s e  f e r m e n t e r  s c a l e - u p  i s  t h e  o x y g e n  t r a n s f e r  r a t e .  T h i s  c a n  b e  
e x p r e s s e d  i n  t e r m s  o f  a  m a s s  t r a n s f e r  c o e f f i c i e n t  ~a, a n d  a  d r i v i n g  f o r c e ,  
C *  - C ;  t h a t  i s  
·  r  =  ~a ( C *  - C )  
T h e  d y n a m i c  m e t h o d  f o r  o x y g e n  t r a n s f e r  r a t e  d e t e r m i n a t i o n  h a s  b e e n  
w i d e l y  u s e d  ( 1 ,  2 ) ,  b u t  t h i s  m e t h o d  d o e s  n o t  g i v e  a c c u r a t e  r e s u l t s  a t  h i g h  
o x y g e n  t r a n s f e r  r a t e s .  M a s s  b a l a n c e  m e t h o d s  a r e  f r e q u e n t l y  u s e d  a t  t h e s e  
h i g h  t r a n s f e r  r a t e s  u n d e r  f e r m e n t a t i o n  c o n d i t i o n s .  
D a r l i n g t o n  ( 3 )  u s e d  m a t e r i a l  b a l a n c e s  t o  r e l a t e  b i o m a s s  p r o d u c t i o n ,  
c a r b o n  s u b s t r a t e  c o n s u m p t i o n ,  a n d  o x y g e n  r e q u i r e m e n t s  i n  a e r o b i c  c a r b o h y d r a t e  
a n d  h y d r o c a r b o n  f e r m e n t a t i o n s .  H i s  c o n c l u s i o n  w a s  t h a t  t h e  o x y g e n  r e q u i r e -
m e n t  o f  a  h y d r o c a r b o n  f e r m e n t a t i o n  i s  a b o u t  t r i p l e  t h a t  o f  a  y e a s t  c a r b o -
h y d r a t e  f e r m e n t a t i o n  p r o d u c i n g  a n  e q u a l  a m o u n t  o f  b i o m a s s .  
M a t e l e s  ( 4 )  p r e s e n t e d  a n  e q u a t i o n  d e r i v e d  b y  a  m a t e r i a l  b a l a n c e  w h i c h  
p r e d i c t s  t h e  a m o u n t  o f  o x y g e n  r e q u i r e d  p e r  u n i t  w e i g h t  o f  c e l l s  p r o d u c e d .  
T h i s  e q u a t i o n  a l s o  t a k e s  i n t o  a c c o u n t  t h e  n i t r o g e n  s o u r c e  a n d  n i t r o g e n  
c o n t e n t  o f  t h e  c e l l s .  N e g l e c t i n g  t h e  n i t r o g e n  s o u r c e ,  w h e n  a m m o n i a  i s  u s e d ,  
l e a d s  t o  u n d e r e s t i m a t i n g  t h e  o x y g e n  r e q u i r e m e n t  b y  a b o u t  5 - 1 5 % .  
M i n k e v i c h  a n d  E r o s h i n  ( 5 )  d e v e l o p e d  a  s i m i l a r  m a t e r i a l  b a l a n c e  e q u a t i o n  
w h i c h  r e l a t e s  o x y g e n  r e q u i r e m e n t s  t o  c e l l  p r o d u c t i o n  a n d  s u b s t r a t e  c o n s u m p -
t i o n .  F r o m  t h i s  e q u a t i o n  a  f o r m u l a  f o r  y i e l d  p e r  u n i t  o f  o x y g e n  u p t a k e  w a s  
o b t a i n e d  i n  w h i c h  t h e  d e g r e e  o f  o x i d a t i o n  a n d  c a r b o n  c o n t e n t  o f  t h e  b i o m a s s  
h a v e  b e e n  e x p e r i m e n t a l l y  d e t e r m i n e d  a n d  s h o w n  t o  b e  q u i t e  c o n s t a n t .  
I n  t h i s  w o r k ,  a  m a s s  b a l a n c e  m e t h o d  h a s  b e e n  d e v e l o p e d  t o  m e a s u r e  t h e  
v o l u m e t r i c  o x y g e n  t r a n s f e r  c o e f f i c i e n t  K L a ,  i n  f e r m e n t a t i o n  s y s t e m s .  T h e  
m e t h o d  c o n s i s t s  o f  e s t a b l i s h i n g  a  m a s s  b a l a n c e  e q u a t i o n  r e l a t i n g  b i o m a s s  
p r o d u c t i o n ,  c a r b o n  s u b s t r a t e  c o n s u m p t i o n  a n d  o x y g e n  r e q u i r e m e n t .  
A n  a i r l i f t  f e r m e n t e r  w a s  e m p l o y e d  t o  o b t a i n  b o t h  b a t c h  a n d  c o n t i n u o u s  
o p e r a t i o n  d a t a  t o  e s t i m a t e  t h e  v a l u e  o f  K L a .  
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Materials and Methods 
The materials and methods used in this work are those reported by 
Gutierrez and Erickson (6): An airlift fermenter, provided with temperature 
control, pH control, and dissolved oxygen sensor was used to culture Candida 
lipolytica ATCC 8662, using n-hexadecane as the carbon source and the sim-
plified medium of Aiba et al. (7) with Biocert used instead of yeast extract. 
The respiration rate of the culture was calculated using the material 
balance method. Step changes in air flow rate were made every 15 minutes 
beginning with the highest value 300 ft3/hr until reaching the lowest value, 
150 ft3/hr. At steady state, the dissolved oxygen concentration was mea-
sured and used later to determine the effect of air flow rate on the oxygen 
transfer coefficient. 
Material Balances 
Darlington (3) developed his material balance equations based on the 
following assumptions: 
1) The composition of the product from the carbohydrate and hydrocarbon 
fermentations is identical. 
2) A typical microbial composition is 47% carbon, C; 6.5% hydrogen, H; 
7.5% nitrogen, N; 31% oxygen, 0 and 8% ash. 
3) The dry weight yield of yeast from carbohydrate is 50%. 
4) The dry weight yield of yeast from hydrocarbon is 100%. 
With these assumptions the material balance equation for the production 
of 100 g dry yeast from 200 g carbohydrate is 
6.67CH2o +. 2~.10 2 -+ c3•92H6.So1. 94 + 2.75C02 + 3.42H20 (1) 
and the material balance equation for the production of 100 g dry yeast 
from 100 g hydrocarbon is 
7.14CH2 + 6.13502 -+ c3•92H6•5o1 •94 + 3.22C02 + 3.85H20 (2) 
Mateles (4), estimated the amount of oxygen required per unit weight 
of cells produced from the following equation, which was derived by a material 
balance involving the following assumptions: 
1) The only products of metabolism are the cells themselves, carbon dioxide, 
and water. 
2) The nitrogen source is ammonia. 
The equation is 
g oxygen= 
g cell 
where, 
32Cy+ 8~ ~ l60 + 0.010' - 0.0267C' + 0.0174N' - 0.08H' (4) 
X/S 
C, H and 0 represent the number of atoms of carbon, hydrogen, and oxygen, 
respectively, in each molecule of carbon source; 
C', H', O' and N' represent the percentage of carbon, hydrogen, oxygen, and 
nitrogen, , respectively, in the cells; 
Yx/S represents the yield of cells based on carbon source, g cells per g 
carbon source consumed; 
M represents the molecular weight of the carbon source. 
3 4  
M i n k e v i c h  a n d  E r o s h i n  ( 5 )  u s e d  t h e  f o l l o w i n g  b a l a n c e  e q u a t i o n  f o r  
m i c r o b i a l  g r o w t h  o n  a n y  o r g a n i c  s u b s t r a t e :  
C H  O n  +  a N H
3  
+  b 0
2  
~ y C H  0  N  +  z C H  0  N  +  { 1  - y  - z ) C 0
2  
+  c H
2
0  { 4 )  
m . . .  p n q  r s t  
w h e r e ,  
y  =  b i o m a s s  c a r b o n  y i e l d  o r  f r a c t i o n  o f  s u b s t r a t e  c a r b o n  c o n v e r t e d  t o  b i o m a s s .  
z  =  p r o d u c t  c a r b o n  y i e l d  o r  f r a c t i o n  o f  s u b s t r a t e  c a r b o n  c o n v e r t e d  t o  p r o d u c t .  
m  a n d  i  =  n u m b e r s  o f  h y d r o g e n  a n d  o x y g e n  a t o m s  p e r  c a r b o n  a t o m  i n  t h e  s u b -
s t r a t e  m o l e c u l e .  
p ,  n  a n d ·  q  =  a v e r a g e  n u m b e r s  o f  h y d r o g e n ,  o x y g e n  a n d  n i t r o g e n  a t o m s  p e r  c a r b o n  
a t o m  i n  t h e  b i o m a s s .  
W h e n  t h e r e  i s  n o  p r o d u c t  f o r m a t i o n ,  t h e  y i e l d  p e r  u n i t  o f  o x y g e n  u p t a k e  
( g  d r i e d  b~omas: pe~ g  o f  o x y s e n  m e t a b o l i z e d ) ·  i s  
X / 0  2 c r B  y b  y  s  
{ - - y )  
y b  
w h e r e ,  c r B  i s  t h e  w e i g h t  f r a c t i o n  o f  c a r b o n  i n  t h e  d r i e d  b i o m a s s ,  
y  =  4  +  m - 2 !  
s  
a n d  
y  =  4  +  p  - 2 n  - 3 q  
b  
Q u a n t i t i e s  Y s  a n d  y b  c h a r a c t e r i z e  t h e  d e g r e e  o f  o x i d a t i o n  o f  t h e  s u b s t r a t e  
a n d  b i o m a s s ,  r e s p e c t i v e l y .  T h e  v a l u e  o f  Y s  i s  m a x i m a l  f o r  m e t h a n e  { 8 ) ,  a n d  
m i n i m a l  f o r  C 0 2  ( 0 ) .  V a l u e s  o f  Y s  f o r  t w e n t y  d i f f e r e n t  s u b s t r a t e s  w e r e  p r e -
s e n t e d  b y  M i n k e v i c h  a n d  E r o s h i n  ( 5 ) .  V a l u e s  o f  Y b  a n d  c r B  f o r  t w e n t y  d i f f e r e n t  
s p e c i e s  o f  m i c r o o r g a n i s m s  g r o w n  o n  v a r i o u s  s u b s t r a t e s  w e r e  a l s o  p r e s e n t e d  
b y  M i n k e v i c h  a n d  E r o s h i n  { 5 ) .  T h e  d a t a  i n d i c a t e s  t h a t  Y b  a n d  C J B  a r e  n e a r l y  
c o n s t a n t  s i n c e  t h e  v a r i a n c e s  o f  Y b  a n d  C J B  a r e  2 - 4 % .  M i n k e v i c h  a n d  E r o s h i n  ( 5 )  
c o n s i d e r e d  Y b  a n d  c r B  a s  c o n s t a n t s  a n d  u s e d  t h e  v a l u e s  o f  4 . 2  a n d  0 . 4 6 ,  
r e s p e c t i v e l y .  
A l t h o u g h  t h e  n o t a t i o n  o f  M a t e l e s  { 4 )  a n d  M i n k e v i c h  a n d  E r o s h i n  ( 5 )  d i f f e r ,  
t h e  r e l a t i o n s h i p s  b e t w e e n  o x y g e n  r e q u i r e m e n t s ,  s u b s t r a t e  c o n s u m p t i o n ,  a n d  c e l l  
p r o d u c t i o n  a r e  i d e n t i c a l  w h e n  o n l y  b i o m a s s ,  C 0 2  a n d  H
2
o  a r e  p r o d u c e d .  W h e n  
t h e  v a l u e s  o f  Y b  =  4 . 2  a n d  c r B = 0 . 4 6  a r e  u s e d  o n e  c a n  o b t a i n  
g  o x y g e n  =  S ( 4 C  +  H  - 2 0 )  _  
1
,
2 8 8  
( 5 )  
gc~~ Yv~ 
I n  t h i s  w o r k  t h e  f o l l o w i n g  a s s u m p t i o n s  a r e  m a d e :  
1 )  T h e  m i c r o b i a l  c o m p o s i t i o n  i s  4 7 %  c a r b o n ,  C ;  6 . 5 %  h y d r o g e n ,  H ;  7 . 5 %  n i t r o g e n ,  
N ;  3 1 %  o x y g e n ,  0  a n d  8 %  a s h .  
2 )  T h e  o x y g e n  c o n c e n t r a t i o n  i s  u n i f o r m  t h r o u g h o u t  t h e  f e r m e n t e r .  
3 )  S u b s t r a t e  c a r b o n  i s  d i s t r i b u t e d  o n l y  b e t w e e n  b i o - m a s s  c a r b o n  a n d  c o
2
.  
4 )  T h e  m a s s  b a l a n c e  e q u a t i o n  f o r  b i o - m a s s  p r o d u c t i o n  i s  
c
1 6
H
3 4  
+  N H
3  
+  0
2  
~ B i o m a s s  +  c o
2  
+  H
2
o  ( 6 )  
U s i n g  e q n .  ( 6 )  a n d  t h e  a b o v e  a s s u m p t i o n s ,  m a t e r i a l  b a l a n c e s  f o r  c a r b o n ,  
h y d r o g e n ,  a n d  o x y g e n  w e r e  m a d e .  T h e  c o
2  
p r o d u c e d  i s  f o u n d  f r o m  a  c a r b o n  
b a l a n c e  t o  b e  
w h e r e ,  
X  
A =  3 . 1 1 5  y - 1 . 7 2 X  
A =  
g  C 0
2  
L h r  
( 7 )  
X = g cells 
t- hr 
Y = g cells 
g oil utilized 
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The water production rate is found from a hydrogen balance to be 
X B = 1.35 (y) + 0.038Z - 0.585X (8) 
where, 
B = 
g H20 
L hr 
dilution consumed ml NH40H-5% 
z = ----~---------------------t. hr 
The oxygen balance gives 
Qo2 = 0.727A + 0.88B + 0.31X 
where, 
Qo2 
g 02 
== ----Lhr 
The oxygen transfer coefficicient is 
Qoz 
~a = C* - C 
(9) 
(10) 
Using the above equations, values of KLa were determined for each of 
the air flow rates for each experiment. These results are presented in Figure 
1. Column (a) of Table 1 shows one set of these results in tabular form. 
Tabular values of the other results are presented elsewhere (8). 
Results were also obtained assuming the nitrogen input to be given 
by the nitrogen content of the cells rather than by the measured flow of 
NH40H. Equation (5) was used with 
Qo2 = YO/X • X (11) 
and 
~a= 
Qoz 
C* - C 
to obtain the results presented in Figure 2. 
in Column (6) of Table 1 for one set of data. 
results are presented elsewhere (8). 
Tabular values are presented 
Tabular values of the other 
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T A B L E  1  
E s t i m a t e d  o x y g e n  t r a n s f e r  c o e f f i c i e n t s  f o r  c o n t i n u o u s  c u l t i v a t i o n  o f  C a n d i d a  
l i p o l y t i c a  i n  a n  a i r l i f t  f e r m e n t e r  f r o m  m e a s u r e d  v a l u e s  o f  c e l l  p r o d u c t i o n ,  h e x a d e c a n e  
u t i l i z a t i o n ,  a n d  a m m o n i u m  h y d r o x i d e  a d d i t i o n  ( a ) ,  a n d  a s s u m e d  c e l l u l a r  n i t r o g e n  c o n t e n t  ( b ) .  
A i r  F l o w  R a t e  
D i s s o l v e d  o x y g e n  
c  
Q o 2  
~a 
f t
3
/ h r  
c o n c e n t r a t i o n  
p p m  
g  
- 1  
%  s a t .  
R .  - h r  
h r  
( a )  
( b )  
( a )  
( b )  
1 5 0  
5 7  
4 . 3 3  
5 . 0 1  
4 . 8 3  
1 5 3 4  
1 4 7 7  
1 8 0  
5 7  
4 . 3 3  
5 . 0 1  
4 . 8 3  
1 5 3 4  
1 4 7 7  
2 1 2 . 5  
6 0  
4 . 5 6  
5 . 0 1  
4 . 8 3  1 6 5 0  
1 5 8 8  
2 4 0  
6 3  
4 . 7 8  
5 . 0 1  
4 . 8 3  1 7 7 9  
1 7 1 2  
2 7 5  
6 5  
4 . 5 4  
5 . 0 1  
4 . 8 3  
1 8 8 6  
1 8 1 5  
3 0 0  
7 0  
5 . 3 2  
5 . 0 1  
4 . 8 3  
2 2 0 0  
2 1 1 8  
X  =  1 .  3 8  g /  t  h r  
Y  =  0 . 7 2 4  g  c e l l / g  o i l  u t i l i z e d  
Z  =  1 3 . 6  m l  N H 4 0 H / t  h r  
D i l u t i o n  r a t e  =  0 . 2 0  h r - 1  
O i l  c o n c e n t r a t i o n  =  8 . 6 7 %  
C e l l  c o n c e n t r a t i o n  =  6 . 8 8  g / t  
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RESULTS 
The overall volumetric mass transfer coefficient ~a has been deter-
mined by using the mass balance method for batchand continuous cultivation. 
Biomass concentration and oil concentration were measured and from these 
variables the productivity and the yield were calculated. Dilution rates 
of 0.25, 0.20 and 0.15 (hrs)-1 were used in the continuous culture studies. 
Figures 1 and 2 show the effect of volumetric gas flow rate on the mass 
transfer coefficient. The KLa values determined by this method are about 
twice as high as those found by Orazem (9) using the sulfite method in 
airlift fermenters. Larger values of KLa under fermentation conditions 
have also been reported by Hirose et al. (10) and Phillips and Johnson (11). 
The results in Figure 1 can be compared with those in Figure 2. ·The 
predicted values of KLa in Figure 2 are smaller than those predicted in 
Figure 1 because the value used for nitrogen input was smaller. The 
differences in the estimated values of Kta are all less than 10%. This 
can also be seen by comparing Columns (a) and (b) in Table 1. 
Errors in this method may occur because of inaccurate measurements 
in dissolved oxygen concentration, cell productivity and carbon substrate 
concentration. Sensitivity analysis may be used to investigate the effect 
of measurement errors on the results. Using the results for D = 0.15 hr-1 
and an air flow rate of 240 ft3/hr., the effect of 5% errors in carbon sub-
strate yield, Y, dissolved oxygen concentration, C, and productivity, X 
were investigated. Increasing the yield by 5% to 0.85 g. cells/g oil reduced 
KLa by 7% from 1507 hr-1 to 1403 hr-1, Increasing the dissolved oxygen 
concentration by 5% to 5.10 ppm increased the oxygen transfer coefficient to 
1659 hr-1 which is a 10% increase. Increasing the cell productivity by 
5% to 1.45 g/i-hr resulted in an increase in KLa of 5.1% to 1585 hr-1 • 
These results show that errors in carbon substrate yield, dissolved oxygen 
concentration, and cell productivity frequently result in percentage 
errors in KLa which are as large or larger than those of the input variables. 
The results in Figures 1 and 2 are based on the assumption that the 
oxygen transfer rate remains constant as air flow rate changes. A linear 
relationship between volumetric gas flow rate and KLa is shown in Figures 
1 and 2 with some deviation at low air flow rates. This deviation may 
result because of decreases in the oxygen transfer rate which may occur at 
low gas flow rates. 
The differences in results from run to run at the same gas flow rate 
may be partly due to actual differences in oxygen transfer coefficient 
values due to changes in surface tension, spreading coefficient, and cell 
concentration; however, these differences may also be partly due to measure-
ment errors. In the experimental work liquid-liquid interfacial tensions 
were measured (6, 12); however, surface tensions were not measured. 
The large values of KLa may be partly due to intermediate products such 
as fatty acids which are not considered in this analysis. The oxygen required 
to convert these intermediates to C02 and H20 is included in the estimated 
oxygen transfer ra.te. Nakahara et al. (14) have reported fatty acid concen""' 
trations as l·arge as 90 mg/i in hydrocarbon fermentations. Values of this 
magnitude would not significantly reduce bhe estimated values of KLa. 
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C O N C L U S I O N S  
A  m a s s  b a l a n c e  m e t h o d  f o r  e s t i m a t i n g  o x y g e n  t r a n s f e r  r a t e s  f r o m  
m e a s u r e d  v a l u e s  o f  d i s s o l v e d  o x y g e n  c o n c e n t r a t i o n ,  c e l l  p r o d u c t i v i t y ,  a n d  
c a r b o n  s u b s t r a t e  y i e l d  h a s  b e e n  i n t r o d u c e d .  T h e  m e t h o d  p r e d i c t s  v a l u e s  
f o r  t h e  o x y g e n  t r a n s f e r  c o e f f i c i e n t  w h i c h  a r e  s o m e w h a t  l a r g e r  t h a n  t h o s e  
f o u n d  f o r  s u l f i t e  o x i d a t i o n  i n  s i m i l a r  a i r l i f t  s y s t e m s .  A  l i n e a r  r e l a t i o n -
s h i p  b e t w e e n  v o l u m e t r i c  g a s  f l o w  r a t e  a n d  K L a  w a s  f o u n d .  T h e  r e s u l t s  s h o w  
t h a t  l a r g e  o x y g e n  t r a n s f e r  r a t e s  c a n  b e  a c h i e v e d  i n  a i r l i f t  s y s t e m s .  S i n c e  
H a t c h  ( 1 3 )  h a s  s h o w n  t h a t  t h e  o x y g e n  t r a n s f e r  e f f i c i e n c y  i n  a i r l i f t  f e r -
m e n t e r  c a n  b e  a s  m u c h  a s  2 0 0 %  h i g h e r  t h a n  t h a t  i n  a g i t a t e d  v e s s e l s ,  f u r t h e r  
a t t e n t i o n  s h o u l d  b e  g i v e n  t o  t h e  u s e  o f  a i r l i f t  f e r m e n t e r s  i n  h y d r o c a r b o n  
f e r m e n t a t i o n s .  
E r r o r s  i n  t h i s  m e t h o d  m a y  o c c u r  b e c a u s e  o f  i n a c c u r a t e  m e a s u r e m e n t s  i n  
d i s s o l v e d  o x y g e n  c o n c e n t r a t i o n ,  c e l l  p r o d u c t i v i t y  a n d  c a r b o n  s u b s t r a t e  
c o n c e n t r a t i o n .  F u r t h e r  r e s e a r c h  i s  n e e d e d  t o  c l a r i f y  t h e  a c c u r a c y  o f  t h i s  
m e t h o d .  
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O X Y G E N  T R A N S F E R  I N  O N E  S T A G E  A N D  T W O  S T A G E  A I R - L I F T  T O W E R S  
I N T R O D U C T I O N  
M a r k  E .  O r a z e m  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
K a n s a s  S t a t e  U n i v e r s i t y  
M a n h a t t a n ,  K a n s a s  6 6 5 0 6  
S u b m e r g e d  a e r o b i c  f e r m e n t a t i o n  h a s  f o u n d  a p p l i c a t i o n  i n  a r e a s  r a n g i n g  
f r o m  w a s t e  t r e a t m e n t  t o  m a n u f a c t u r e  o f  p h a r m a c e u t i c a l s  a n d  f o o d  p r o d u c t s .  
O f  g r e a t  i n t e r e s t  i s  t h e  p r o d u c t i o n  o f  s i n g l e  c e l l  p r o t e i n  ( S C P )  f o r  a n i m a l  
o r  h u m a n  c o n s u m p t i o n  ( 1 - 3 ) .  S u b s t r a t e s  c o n s i d e r e d  f o r  S C P  p r o d u c t i o n  i n c l u d e  
e n e r g y  s o u r c e  m a t e r i a l s  s u c h  a s  p e t r o l e u m  d e r i v a t i v e s ,  w a s t e  m a t e r i a l s  s u c h  
a s  b a g a s s e  a n d  a n i m a l  m a n u r e ,  a n d  r e n e w a b l e  s o u r c e  m a t e r i a l  s u c h  a s  c e l l u l o s e  
a n d  s u g a r  ( 4 ) .  T h e  e c o n o m i c  v i a b i l i t y  o f  p r o d u c t i o n  o f  S C P  f r o m  t h e s e  s u b -
s t r a t e s  h i n g e s  i n  l a r g e  d e g r e e  u p o n  t h e  g r o w t h  r a t e  o f  t h e  m i c r o o r g a n i s m s  
e m p l o y e d .  
O f  t h e  n u t r i e n t s  n e c e s s a r y  f o r  t h e  g r o w t h  o f  m i c r o o r g a n i s m s ,  o x y g e n  
h a s  t h e  l o w e s t  s o l u b i l i t y  i n  t h e  l i q u i d  p h a s e .  T h e  d e s i g n  o f  f e r m e n t a t i o n  
e q u i p m e n t  i s  t h e n  g e a r e d  t o w a r d  m a x i m i z i n g  t h e  o x y g e n  s u p p l y  a v a i l a b l e  f o r  
c e l l  g r o w t h  w h i l e  m i n i m i z i n g  t h e  p o w e r  r e q u i r e m e n t  ( 5 ) .  
G a s - l i q u i d  o x y g e n  t r a n s f e r  i s  t y p i c a l l y  e m p l o y e d  i n  f e r m e n t o r s  t o  
s a t i s f y  g r o w t h  r e q u i r e m e n t s .  W h i l e  b u b b l e  c o l u m n s  a n d  a g i t a t e d  t a n k s  a r e  
t r a d i t i o n a l  g a s - l i q u i d  c o n t a c t i n g  d e v i c e s ,  m u l t i s t a g e  s y s t e m s  h a v e  b e e n  
s h o w n  t o  h a v e  g o o d  o x y g e n  t r a n s f e r  c h a r a c t e r i s t i c s .  T h e  u s e  o f  p e r f o r a t e d  
p l a t e s  i n  m u l t i s t a g e  s i e v e  t r a y  b u b b l e  t o w e r s  w a s  s h o w n  t o  i m p r o v e  m a s s  
t r a n s f e r  c h a r a c t e r i s t i c s  a s  compa~ed t o  t h e  s i n g l e  s t a g e  b u b b l e  c o l u m n  b y  
H s u ,  e t  a l .  ( 6 , 7 )  a n d  K i t a i  e t  a l .  ( 8 ) .  F a l c h  a n d  G a d e n ( 9 , 1 0 )  a n d  P a c a  a n d  
G r e g r ( l l ) .  a d d e d  m e c h a n i c a l  a g i t a t i o n  t o  e a c h  s t a g e  o f  t h e  s i e v e  t r a y  b u b b l e  
t o w e r  t o  f u r t h e r  i n c r e a s e  t h e  o x y g e n  t r a n s f e r  r a t e s .  T h i s  t y p e  o f  f e r m e n t o r  
c o u l d  b e  c o n s i d e r e d  a s  a  m u l t i s t a g e  a g i t a t e d  t a n k  t o w e r .  P a c a ( l l )  f o u n d  a n  
o x y g e n  t r a n s f e r  c o e f f i c i e n t  o f  1 8 . 6  m i n - 1  a t  a  s u p e r f i c i a l  g a s  v e l o c i t y  o f  
8 9 . 3  e m / m i n  a n d  a n  a g i t a t i o n  s p e e d  o f  8 0 0  r p m  f o r  a  s u l f i t e - a i r  s y s t e m .  
I n  a n  i n v e s t i g a t i o n  p r e c e d i n g  t h e  w o r k  p r e s e n t e d  h e r e ,  t h e  e f f e c t  o f  
c o l u m n  h e i g h t  o n  o x y g e n  t r a n s f e r  i n  a  s p l i t  c y l i n d e r  a i r l i f t  t o w e r  w a s  
s t u d i e d  f o r  a  s o d i u m  s u l f i t e - a i r  s y s t e m  ( 1 " 2 ) .  A n  o p t i m a l  b a f f l e  h e i g h t  f o r  
a  1 5 . 2 4  e m  d i a m e t e r  c o l u m n  w a s  f o u n d  n e a r  6 0  e m  f o r  a  b a f f l e  p l a c e d  6 . 2 0  e m  
a b o v e  t h e  b a s e .  I t  w a s  c o n c l u d e d  t h a t  a  m u l t i - s t a g e  a i r l i f t  t o w e r  w o u l d  
m e r i t  f u r t h e r  c o n s i d e r a t i o n  a s  a  m e a n s  o f  i n c r e a s i n g  o x y g e n  t r a n s f e r  r a t e s .  
T h e  o b j e c t i v e  o f  " t h i s  s t u d y ,  t h e n ,  w a s  t o  d e t e r m i n e  t h e  a p p l i c a b i l i t y  o f  
a  m u l t i s t a g e  s p l i t  c y l i n d e r  a i r l i f t  t o w e r  f o r  g a s - l i q u i d  m a s s  t r a n s f e r  s u c h  
a s  e x p e c t e d  i n  f e r m e n t a t i o n  s y s t e m s .  T h e  r a n g e  o f  s u p e r f i c i a l  g a s  v e l o c i t i e s  
s t u d i e d  w a s  7 3 5  t o  2 7 2 8  e m / m i n .  T h e  v o l u m e  o f  g a r  p e r  v o l u m e  l i q u i d  p e r  
m i n u t e  ( v v m )  r a n g e d  f r o m  3 . 2 8  m i n -
1  
t o  1 2 . 2 1  m i n - •  T h i s  r a n g e  w a s  c h o s e n  
t o  p r o v i d e  g o o d  d a t a  f o r  s c a l e  u p .  T h e  v o l u m e t r i c  g a s  f l o w  r a t e  c a n  b e  
d e s c r i b e d  a s  t h e  p r o d u c t  o f  t h e  s u p e r f i c i a l  g a s  v e l o c i t y  a n d  t h e  c r o s s -
s e c t i o n a l  a r e a .  
Q  =  v  •  A  
s  
( 1 )  
The vvm ratio is seen to be 
vvm =_g_ Ah 
where h is the tower height. Thus 
43 
(2) 
v 
s 
vvm =- (3) h 
Industrial fermentations are typically conducted with a vvm ratio of approxi-
mately three. In order to keep superficial velocities constant in tower scale-
up the studies at low tower height must be conducted at high vvm values. Thus 
studies in a one meter tall tower with a vvm of 12 can be related to a four 
meter tall tower with a vvm ratio of three. 
MATERIALS AND METHODS 
Two split cylinder airlift towers were employed in this study. They are 
shown in Figure 1. Each tower held a liquid volume of 20.5 ~ and had an 
inside diameter of 15.24 em. The single stage tower had a baffle height 
of 107.1 em and the gap between the lower edge of the baffle and the bottom 
of the column was 5.5 em. The cross sectional area allowed for flow between 
the bottom of the column and the baffle was equal to the upflow and downflow 
cross sectional areas. Air was sparged into the upflow section of the column 
through a 0.95 em I.D. plexiglass tube which was level with the lower edge 
of the baffle. 
The two stage airlift was composed of two sections, each with a 50.8 em 
high baffle. The distance between the lower edge of the baffle and the 
bottom of the tower section was 5.5 em, as in the single stage tower. The 
two sections were divided by a plate with a sparger identical to the one 
used in the single stage tower. The sections were designed so as to allow 
a large range of superficial gas velocities without restricting the head 
region volume for the lower stage. To provide a level control for the upper 
stage an external downcomer was placed at an adjustable height at the top of 
the head region. The lower stage level control was provided by pumping con-
tinuously from the desired liquid level to the upper stage. The total circu-
lation between the two stages provided in this manner was 27 ml/min for a 
volume exchange time of 6.3 hours. Air was filtered and the flowrate was 
monitered by a Fisher and Porter (T2-1308/2) rotameter which had been cali-
brated by use of a wet test meter. 
Open end manometers were used to obtain pressure drop and local hold up 
data. These manometers were located at the bottom and the top of each baffle 
on the upflow and downflow sections of the towers. The overall gassed liquid 
level was determined to measure the overall gas holdup. 
The oxygen transfer characteristics were found through use of the sodium 
sulfite oxidation method by Cooper et al. (13). This method can be safely 
employed in a direct comparison of fermentation equipment. A one weight 
percent solution of technical grade sodium sulfite was used with one part 
per million cobaltous catalyst. The measured solution pH was 10.0 as 
recommended by Fan and Wang (14). 
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I n  t h e  e x p e r i m e n t s  d e s c r i b e d  h e r e  t h e  s o d i u m  s u l f i t e  a n d  t h e  c a t a l y s t  
C o s o
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w e r e  a l l o w e d  t o  d i s s o l v e  t h o r o u g h l y  i n  a  l a r g e  t a n k .  T h e  s o l u t i o n  
w a s  t h e n  p u m p e d  i n t o  t h e  t o w e r  b e i n g  u s e d .  T h e  s p a r g i n g  o f  a i r  a t  t h e  
d e s i r e d  f l o w r a t e  b e g a n  a t  a  r e c o r d e d  t i m e .  F i f t y  m i l l i l i t e r  s a m p l e s  w e r e  
t h e n  w i t h d r a w n  a t  r e g u l a r  i n t e r v a l s  a n d  f r o m  e a c h  s a m p l e  a  1 0  m l  a l i q u o t  
w a s  t i t r a t e d  u s i n g  t h e  i o d o m e t r i c  a n a l y s i s  f o r  s o d i u m  s u l f i t e  c o n c e n t r a t i o n  
( 1 5 ) .  T h e  r e a c t i o n  o f  s o d i u m  s u l f i t e  t o  f o r m  s o d i u m  s u l f a t e  i s  z e r o  o r d e r  
w i t h  r e s p e c t  t o  s o d i u m  s u l f i t e  u n d e r  t h e  c o n d i t i o n s  u s e d ,  s o  t h e  z e r o  o r d e r  
r e a c t i o n  r a t e  c o n s t a n t  c o u l d  b e  u s e d  t o  d e t e r m i n e  t h e  a m o u n t  o f  o x y g e n  
t r a n s f e r r e d  u n d e r  p s e u d o  s t e a d y  s t a t e  c o n d i t i o n s  w i t h  r e g a r d  t o  t h e  l i q u i d  
o x y g e n  c o n c e n t r a t i o n .  T h e  l i q u i d  o x y g e n  c o n c e n t r a t i o n  w a s  a s s u m e d  t o  b e  
n e g l i g i b l e  a n d  t h e  a p p a r e n t  ~a w a s  c a l c u l a t e d  a s s u m i n g  p e r f e c t  l i q u i d  m i x i n g .  
T h e  c o m p a r a t i v e  o x y g e n  t r a n s f e r  c h a r a c t e r i s t i c s  o f  t h e  o n e  s t a g e  a n d  
t w o  s t a g e  t o w e r s  w e r e  f o u n d  f o r  g a s  s u p e r f i c i a l  v e l o c i t i e s  r a n g i n g  f r o m  
7 2 0  t o  2 7 2 8  e m / m i n .  T h e  l i q u i d  w a s  a t  a n  a v e r a g e  t e m p e r a t u r e  o f  l 8 ° C  
a n d  t h e  l i t e r a t u r e  v a l u e s  u s e d  f o r  t h e  s a t u r a t e d  o x y g e n  c o n c e n t r a t i o n  
w e r e  a d j u s t e d  f o r  t e m p e r a t u r e  v a r i a t i o n  ( 1 6 ) .  
R E S U L T S  A N D  D I S C U S S I O N  
G a s  H o l d - u p  
T h e  o v e r a l l  g a s  h o l d - u p  w a s  f o u n d  f o r  t h e  t w o - s t a g e  t o w e r ,  t h e  s i n g l e  
s t a g e  t o w e r ,  a n d  t h e  s i n g l e  s t a g e  t o w e r  p a c k e d  w i t h  t h r e e  K o c h  L Y  s t a t i c  
m i x e r s  a n d  p a c k e d  w i t h  s e v e n  K o c h  L Y  s t a t i c  m i x e r s .  T h e  s t a t i c  m i x e r s  
c o n s i s t e d  o f  t h r e e  o n e - i n c h  c o r r u g a t e d  p l a s t i c  s h e e t s  g l u e d  t o g e t h e r  a n d  
c u t  s o  a s  t o  f i t  i n s i d e  t h e  u p f l o w  s e c t i o n  o f  t h e  a i r l i f t  t o w e r .  T h e  
d i r e c t i o n  o f  m i x i n g  w a s  t a n g e n t i a l  t o  t h e  b a f f l e .  T h e  K o c h  m i x e r s  ( 1 7 )  
a r e  d e s c r i b e d  b y  K .  H .  H s u  e t  a l .  ( 6 )  a n d  H .  H .  H s u  e t  a l .  ( 1 8 ) .  T h e  
o v e r a l l  g a s  h o l d - u p  i s  s h o w n  i n  F i g u r e  2 .  T h e  v a l u e s  f o r  t h e  t w o - s t a g e  
t o w e r  a r e  t h e  a r i t h m e t i c  a v e r a g e  v a l u e s  f o r  b o t h  s t a g e s .  T h e  g a s  h o l d - u p  
i n  t h e  s i n g l e  s t a g e  t o w e r  i s  s e e n  t o  b e  m u c h  l o w e r  t h a n  i n  t h e  t w o  s t a g e  
t o w e r  f o r  h i g h  s u p e r f i c i a l  g a s  v e l o c i t i e s .  A t  a  s u p e r f i c i a l  g a s  v e l o c i t y  
o f  2 2 6 2  e m / m i n  t h e  g a s  h o l d - u p  i n  t h e  t w o  s t a g e  t o w e r  i s  4 0  p e r c e n t  h i g h e r  
t h a n  i n  t h e  o n e  s t a g e  t o w e r .  T h i s  c o u l d  b e  a t t r i b u t e d  t o  i n c r e a s e d  c o a l e s -
c e n c e  i n  t h e  s i n g l e  s t a g e  t o w e r ,  c a u s i n g  t h e  b u b b l e s  t o  i n c r e a s e  i n  s i z e  
a n d  e s c a p e  m o r e  q u i c k l y  f r o m  t h e  d i s p e r s i o n .  A  r e d u c e d  g a s  r e s i d e n c e  t i m e  
w o u l d  r e s u l t .  
O x y g e n  T r a n s f e r  C h a r a c t e r i s t i c s  
T h e  r a t e  o f  o x i d a t i o n  o f  s o d i u m  s u l f i t e  t o  f o r m  s o d i u m  s u l f a t e  c a n ,  
t h r o u g h · s i m p l e  r e a c t i o n  s t o c h i o m e t r y ,  l e a d t o  t h e  r a t e  o f  o x y g e n  u t i l i z a t i o n .  
T h e  r e l a t i o n s h i p  u n d e r  s t u d y  i s  
d C  
d t  =  - N A  +  ~a(C*- C )  
( 4 )  
T h e  l i q u i d  o x y g e n  c o n c e n t r a t i o n .  i s  a s s u m e d  t o . ·  b e ·  c o n s t a n t  s o  
N A  =  ~a(C*- C )  
( 5 )  
-----------~· ·----·-·- -----
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The ~a to be determined here is on a liquid volume basis, i.e., the con-
centrations determined are in units of milligrams 02 per unit liquid volume 
and not per unit dispersion volume. 
~a= C*- C (6) 
The saturated liquid oxygen concentration value was found from literature (17) 
for a 1 wt percent salt solution at the dispersion temperature and atmos-
pheric pressure. The effect of pressure on the saturated liquid oxygen con-
centration was neglected for the short towers used, since the pressure 
recorded at the bottom of the towers was close to atmospheric. The liquid 
oxygen concentration was assumed to be zero. This assumption of a maximum 
oxygen transfer driving force leads to a conservative estimate of the 
apparent oxygen transfer coefficient. 
The oxygen transfer coefficient, KLa, was based on the liquid film 
resistance controlling. This assumption is reasonable for oxygen transfer 
in gas-liquid contacting systems (19~20). 
KLa is shown in Figure 3 as a function of superficial gas velocity 
for the two stage and one stage towers. At a superficial gas velocity of 
2262 em/min the KLa was 54 percent higher in the two stage tower than in 
the single stage. Reproducibility of the data was within a deviation of 
six percent. The rise in K~a begins to fall off at high gas velocities 
for the stage tower. This 1s considered to be due to the effect of 
coalescence, and, while KLa is a linear function of superficial gas velo-
city for the two stage tower at the velocities studied, a leveling can be 
expected at some yet undetermined higher gas velocity. The Ky a found in 
the lower stage in the two stage tower matched consistently that found 
in the upper stage within experimental accuracy. This could be due to 
the relatively small consumption of the available oxygen in the sparged 
air. The calculated oxygen mole fraction in the exit gas stream at a 
superficial gas velocity of 2400 em/min was 0.198. That in the gas 
entering the second stage 0.204. An inlet oxygen mole fraction of 0.21 
was assumed in these calculations. 
As samples were withdrawn from the tower during the course of a run, 
the total liquid volume decreased by two percent, corresponding to an 
ungassed liquid level change of 2.2 em in the one stage tower. The effect 
on measured KLa of varying the ungassed liquid level from 9 em above the 
baffle to 9 em below is shown in Figure 4. The effect of a variation of 
2 em in liquid level can be seen to be negligible. 
Performance Ratio 
As stated in the introduction, the design of fermentation equipment 
hinges on maximizing the oxygen transfer rates while minimizing the power 
requirements. The performance ratio defined by Hatch (7) is a measure of 
the oxygen transferred per unit of power required to transfer that oxygen. 
The adiabatic power of compression for air is (21) 
p2 0.286 
P = 0.0153 Q1P1 [(p-) - 1] 1 
(8) 
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w h e r e  P  i s  t h e  p o w e r  r e q u i r e m e n t ,  h p ,  Q  i s  t h e  g a s  f l o w r a t e ,  S C F M ,  P
1  
i s  
t h e  a t m o s p h e r i c  p r e s s u r e  a n d  P
2  
i s  t h e  p r e s s u r e  a t  t h e  g a s  s p a r g e r ,  p s i a .  
T h e  p o w e r  t e r m  o b t a i n e d  i s  c h a r a c t e r i s t i c  o f  t h e  t o w e r  o n l y  a n d  n o t  o f  t h e  
a i r  l i n e  b e t w e e n  t h e  c o m p r e s s o r  a n d  t h e  t o w e r .  
T o  d e t e r m i n e  t h e  o x y g e n  t r a n s f e r  r a t e ,  a n  a v e r a g e  t e m p e r a t u r e  o f  1 8 ° C  
w a s  a s s u m e d  w i t h  a  d r i v i n g  f o r c e  o f  8 . 6  m g / i  o x y g e n .  T h e  o x y g e n  t r a n s f e r r e d  
i n  l b 0
2
/ h r  b e c o m e s  
N A  
( 0 . 0 2 3 3 2 )  l ) _ a  
{ 9 )  
T h e  p e r f o r m a n c e  r a t i o ,  ~' i s  
~ =  N A  / P  
( 1 0 )  
T h e  p e r f o r m a n c e  r a t i o  i s  s h o w n  i n  F i g u r e  5  f o r  t h e  o n e  a n d  t w o  s t a g e  
t o w e r s .  T h e  o n e  s t a g e  a n d  t w o  s t a g e  t o w e r s  a r e  c o m p a r a b l e  a t  l o w  o x y g e n  
t r a n s f e r  r a t e s  b u t  a t  a  t r a n s f e r  r a t e  o f  1 8 0  m  m o l e  o
2
/ t  h r  t h e  t w o  s t a g e  
t o w e r  b e c o m e s  c l e a r l y  m o r e  e f f i c i e n t .  T h e  p e r f o r m a n c e  r a t i o  h a s  i t s  h i g h e s t  
v a l u e s  a t  l o w  o x y g e n  t r a n s f e r  r a t e s  i n  t h e  t w o  s t a g e  t o w e r  a n d  a n  o p t i m a l  
v a l u e  n e a r  1 5 0  m  m o l e  o
2
/ t  h r  f o r  t h e  o n e  s t a g e  t o w e r .  
C O N C L U S I O N  
T h e  u s e  o f  a  m u l t i - s t a g e  a i r l i f t  t o w e r  h a s  m = f i t  i n  g a s - l i q u i d  c o n t a c t i n g .  
O x y g e n  t r a n s f e r  c o e f f i c i e n t s  (~a) o f  o v e r  2 5  m i n  ( o r  1 5 0 0  h r -
1
)  w e r e  o b t a i n e d  
a t  a  s u p e r f i c i a l  g a s  v e l o c i t y  o r  2 7 2 8  e m / m i n  f o r  a  s o d i u m  s u l f i t e - a i r  s y s t e m  
i n  a  t w o  s t a g e  t o w e r .  A t  a  s u p e r f i c i a l  g a s  v e l o c i t y  o f  2 2 6 2  e m / m i n  t h e  l ) _ a  
f o r  t h e  t w o  s t a g e  t o w e r  w a s  5 4  p e r c e n t  h i g h e r  t h a n  i n  t h e  o n e  s t a g e  s y s t e m .  
A t  l o w  g a s  v e l o c i t i e s ,  t h e  t w o  s t a g e  a n d  o n e  s t a g e  t o w e r s  h a v e  e q u i v a -
l e n t  m a s s  t r a n s f e r  c h a r a c t e r i s t i c s .  A t  1 3 0 0  e m / m i n  t h e  l ) _ a  b e g i n s  t o  l e v e l  
o f f  f o r  t h e  o n e  s t a g e  s y s t e m  w h i l e  t h e  ~a f o r  t h e  t w o  s t a g e  t o w e r  i n c r e a s e s  
l i n e a r l y  w i t h  s u p e r f i c i a l  g a s  v e l o c i t y  i n  t h e  r a n g e  s t u d i e d .  
T h e  t w o  s t a g e  t o w e r  b e c o m e s  c o n s i d e r a b l y  m o r e  e f f i c i e n t  t h a n  t h e  s i n g l e  
s t a g e  t o w e r  a t  o x y g e n  t r a n s f e r  r a t e s  l a r g e r  t h a n  1 8 0  m  m o l e / t  h r .  
N O M E N C L A T U R E  
A  
c  
H  
h  
~a 
1 ) .  a '  
N A  
p  
2  
c r o s s  s e c t i o n a l  a r e a ,  e m  
l i q u i d  o x y g e n  c o n c e n t r a t i o n ,  m g / i  
g a s  h o l d u p  b a s e d  o n  d i s p e r s i o n  v o l u m e  
t o w e r  h e i g h t ,  e m  
o x y g e n  t r a n s f e r  c o e f f i c i e n t  b a s e d  o n  l i q u i d  v o l u m e ,  m i n - !  
o x y g e n  t r a n s f e r  c o e f f i c i e n t  b a s e d  o n  d i s p e r s i o n  v o l u m e ,  m i n - l  
r a t e  o f  o x y g e n  c o n s u m p t i o n ,  m g / t  m i n  
a d i a b a t i c  p o w e r  o f  c o m p r e s s i o n ,  h p  
Q volumetric gas flowrate, SCFM 
time, min 
-----~~----
47 
superficial gas velocity, em/min 
. -1 
volume of gas per volume of liquid per minute, m~n 
Superscript 
* saturation 
Greek letter 
~ performance ratio, lb 02/hp hr (or) g Ox/J 
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Fig. 1. Schematic Diagram of Single Stage and Two Stage Tower. 
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A  C O M P A R I S O N  O F  B I O L O G I C A L  D I G E S T I B I L I T Y  T E S T S  F O R  C E L L U L O S E  
I N T R O D U C T I O N  
D o u - H u o n g  H w a n g  
D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
U n i v e r s i t y  o f  M i s s o u r i - C o l u m b i a  
C o l u m b i a ,  M i s s o u r i  6 5 2 0 1  
A s  t h e  w o r l d  p o p u l a t i o n  i n c r e a s e s  l o c a l i z e d  f o o d  s h o r t a g e s  o c c u r  
m o r e  a n d  m o r e  f r e q u e n t l y .  T r o p i c a l  a n d  a r i d  r e g i o n s  s u f f e r  t h e  m o s t  
f r o m  f o o d  i n s u f f i c i e n c i e s  i n  b o t h  p r o t e i n  a n d  s t a p l e  c a r b o h y d r a t e s .  
R e c e n t  n o t a b l e  s h o r t f a l l s  i n  p r o t e i n  f e e d - s t u f f s  d u r i n g  t h e  e a r l y  1 9 7 0 ' s  
a n d  n u t r i t i o n a l  c a r b o h y d r a t e s  i n  1 9 7 4  w e r e  f e l t  w o r l d w i d e .  M o s t  o f  
t h e s e  f o o d  s h o r t a g e s  h a v e  b e e n  d u e  t o  c r o p  o r  h a r v e s t  f a i l u r e  c a u s e d  b y  
t e m p o r a r y  c h a n g e s  i n  s u c h  c l i m a t i c  v a r i a b l e s  a s  r a i n f a l l ,  t e m p e r a t u r e ,  
a n d  o c e a n  w a t e r  c i r c u l a t i o n .  S t o c k p i l i n g  o f  n u t r i t i o n a l  f o o d s  a n d  f e e d s  
a s  a  m e t h o d  o f  a l l e v i a t i n g  t h e s e  c y c l i c  a g r i c u l t u r a l  p a t t e r n s  i s  b e -
c o m i n g  i n c r e a s i n g l y  l e s s  u s e f u l  a s  w o r l d  d e m a n d  i n c r e a s e s .  T h e  s y m p t o m s  
o f  t h e s e  p r o b l e m s  a r e  b e i n g  f e l t  i n  t h e  U n i t e d  S t a t e s  a s  w e l l  a s  i n  t h e  
l e s s  d e v e l o p e d  n a t i o n s .  
S e v e r a l  n e w  p r o c e s s e s  a r e  u n d e r  d e v e l o p m e n t  w h i c h  p r o d u c e  b a c t e r i a l  
o r  f u n g a l  s i n g l e - c e l l  p r o t e i n  f r o m  c e l l u l o s i c  m a t e r i a l s  b y  f e r m e n t a t i o n .  
O t h e r  n e w  p r o c e s s e s  h y d r o l y z e  c e l l u l o s e  t o  y i e l d  g l u c o s e .  T h e  p r o c e s s e s  
a r e  i n d e p e n d e n t  o f  t e m p o r a r y  cl~atic u p s e t s  a n d  a r e ,  i n  m a n y  c a s e s ,  
m o r e  e f f i c i e n t  i n  p r o d u c i n g  n u t r i e n t s  t h a n  c o n v e n t i o n a l  t e c h n i q u e s .  T h e  
w o r l d w i d e  a b u n d a n c e  o f  c r u d e  c e l l u l o s i c  m a t e r i a l  c o u l d  p r o v i d e  a m p l e ,  
r e n e w a b l e  s u b s t r a t e  f o r  p r o d u c t i o n  o f  s i g n i f i c a n t  a m o u n t s  o f  f o o d  o r  
f e e d - g r a d e  p r o t e i n  o r  c a r b o h y d r a t e .  A d d i t i o n a l l y  t h e  p r o d u c t i o n  r a t e  o f  
t h e s e  m a t e r i a l s  c o u l d  b e  p l a n n e d  a n d  c o n t r o l l e d  t o  p r o m o t e  s t a b l e  c o m m o d -
i t y  m a r k e t s  w i t h o u t  r e s o r t i n g  t o  l a r g e  s t o c k p i l e s  o f  t h e s e  n u t r i e n t s .  
T h e  s u c c e s s f u l  i n d u s t r i a l  e x p l o i t a t i o n  o f  t h e s e  p r o c e s s e s  d e p e n d s  
u p o n  t h e  a v a i l a b i l i t y  o f  s u f f i c i e n t  a m o u n t s  o f  c e l l u l o s e  o f  s u i t a b l e  
q u a l i t y  a n d  l o w  e n o u g h  c o s t  t o  p e r m i t  t h e  o p e r a t i o n  o f  l a r g e  a n d  e f f i c i e n t  
p l a n t s .  T h e  b e s t  s o u r c e s  f o r  t h i s  s u b s t r a t e  c e l l u l o s e  m u s t  b e  i d e n t i -
f i e d .  P r e s e n t  k n o w l e d g e  o f  t h e  q u a l i t y ,  a v a i l a b i l i t y ,  a n d  c o s t  o f  
s u b s t r a t e  c e l l u l o s e  i s  d i f f u s e  a n d  i n c o m p l e t e .  T e s t s  o f  s u b s t r a t e  q u a l -
i t y  v a r y  w i d e l y  a n d  m a n y  a r e  n o t  c o m p a r a b l e .  
T h e  c r i t i c a l  t e s t s  t o  d e t e r m i n e  t h e  q u a l i t y  o f  a  c e l l u l o s i c  m a t e r i a l  
f o r  u s e  a s  a  s u b s t r a t e  c e n t e r  a r o u n d  t h e  b i o l o g i c a l  r e a c t i v i t y  o r  d i g e s t -
i b i l i t y  o f  t h e  m a t e r i a l .  T h e r e  a r e  m a n y  c o m m o n  a n d  s t a n d a r d  m e t h o d s  
u s e d  t o  d e t e r m i n e  t h i s  p a r a m e t e r  a n d  a m o n g  t h e  m o s t  u s e d  a r e  m e t h o d s  
t h a t  r e s u l t  i n  d i g e s t i o n  o f  a  s a m p l e  o f  t h e  m a t e r i a l  u n d e r  s p e c i f i e d  
c o n d i t i o n s  f o r  a  c e r t a i n  l e n g t h  o f  t~. T h e  r e s i d u e  i s  m e a s u r e d  a n d  t h e  
a m o u n t  s o l u b i l i z e d  r e p o r t e d  a s  f r a c t i o n  d i g e s t i b l e .  V a r i o u s  h y d r o l y t i c  
55 
agents have been used to decompose the cellulose. Some techniques de-
pend on the respiration and normal growth metabolism of celluloytic 
microorganisms such as the Cellulomonas sp. bacteria used by Dunlap (1), 
while others use cell-free extracts containing cellulase and other 
enzymes (2,3), while others obtain ruminal fluid from cellulose-eating 
ruminant animals (4,5), and some are based on relative activities of 
various chemical agents such as cupriethylene diamine (6) or DMSO-
paraformaldehyde (7). 
These tests usually measure the extent of the decomposition of the 
cellulose at a certain point in time selected by the developers of the 
particular test as being most indicative of the digestibility of the 
material relative to other cellulosics tested under the same conditions. 
It has been found that these tests stmply do not provide kinetic 
information of sufficient detail to be of much use in predicting the 
behavior of a cellulosic material in a continuous fermenter or hydrolysis 
tank, or even for the operation of a large batch fermentation or hydro-
lyzer. The reason for this problem is that the conventional tests 
provide the investigator with only one value of digestion rate and one 
value of extent of digestion. In fact the rate of digestion of a dis-
crete unit of cellulose is very much a function of the extent of the 
digestion (8) and the operation of a large fermenter or hydrolyzer can-
not be predicted unless this functionality is known. 
Before one can predict with success the operation of any fermenter 
or hydrolyzer of commercial scale, therefore, information is needed 
which will show the digestion rate versus digestion extent relationship. 
There is no standard or common test which will provide this information 
and one is vitally necessary to permit the quantitative evaluation of a 
cellulosic for possible use as a substrate. 
Five tests have been chosen for an intensive evaluation of their 
suitability for providing descriptive degradation rate data for cellu-
losics. The five tests are: 
' 
1. In vitro digestion of cellulose samples by rumen fluid under 
controlled, anaerobic conditions. The tests will be con-
ducted according to the techniques described by Mellenberg 
et al. (5) and also according to those described by Deinum 
and Van Soest (4). 
2. Cellulomonas sp. digestion of cellulose samples by Cellulomonas 
sp. bacteria in pure culture under controlled aerobic con-
ditions. The tests will be conducted according to the techniques 
described by Dunlap and Callihan (9). 
3. Trichoderma viride cellulase digestion of cellulose samples by the 
cell-free extract of !· viride cultures containing extra-
cellular cellulase. The digestion is run under controlled 
conditions and will be conducted according to the technique 
described by Mandels and Weber (2). 
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4 .  F u n g a l  c e l l u l a s e  a n d  h e m i c e l l u l a s e  d i g e s t i o n  o f  c e l l u l o s i c  
s a m p l e s  b y  c e l l - f r e e  p r e p a r a t i o n  o f  c o m m e r c i a l l y  a v a i l a b l e  
c e l l u l a s e ,  h e m i c e l l u l a s e ,  a n d  p e p s i n  e n z y m e s .  T h e  t e s t s  a r e  
r u n  u n d e r  c o n t r o l l e d  a e r o b i c  c o n d i t i o n s  a n d  w i l l  b e  c o n d u c t e d  
a c c o r d i n g  t o  t h e  t e c h n i q u e  d e s c r i b e d  b y  M c Q u e e n  a n d  V a n  S o e s t  
( 3 ) .  
5 .  S o l u b i l i t y  i n  D M S O - p a r a f o r m a l d e h y d e  w i l l  b e  d e t e r m i n e d  f o r  
c e l l u l o s e  s a m p l e s  a c c o r d i n g  t o  t h e  t e c h n i q u e  o f  C h i a n g  a n d  
D u n l a p  ( 7 ) .  T h i s  s o l u b i l i t y  h a s  b e e n  c o r r e l a t e d  w i t h  b o t h  
~ v i t r o  r u m e n  f l u i d  d i g e s t i b i l i t y  a n d  d i g e s t i b i l i t y  b y  
C e l l u l o m o n a s  s p .  b a c t e r i a .  
M A T E R I A L S  A N D  M E T H O D S  
1 .  I n  v i t r o  d i g e s t i o n  b y  r u m e n  f l u i d  a c c o r d i n g  t o  t h e  m e t h o d  o f  
M e l l e n b e r g  e t  a l .  ( 5 ) .  W e i g h  o u t  t h e  d e s i r e d  a m o u n t  o f  s a m p l e  
( 4 0  m e s h )  a n d  p u t  i n t o  E r l e n m e y e r  f l a s k .  A d d  1 5  m l  o f  K a n s a s  
b u f f e r  t o  t h e  s a m p l e .  P l u g  t h e  f l a s k  w i t h  r u b b e r  s t o p p e r  
f i t t e d  w i t h  r e l i e f  v a l v e .  I n o c u l a t e  5  m l  o f  r u m e n  f l u i d .  f r o m  
a  f i s t u l a t e d  H o l s t e i n  c o w  ( f e d  a  r e g u l a r  d i e t  o f  f e s c u e  h a y )  
t o  t h e  s a m p l e  f l a s k ,  f l u s h  t h e  s a m p l e  w i t h  c o
2
,  a n d  i m m e d i a t e l y  
p l u g  w i t h  t h e  s t o p p e r .  I n c u b a t e  f o r  a  d e s i r e d  l e n g t h  o f  t i m e  
a t  3 9  ° C .  T h e n  f i l t e r ,  d r y  ( a t  l e a s t  2 4  h r t  1 0 0  ° C )  a n d  
w e i g h  t h e  r e s i d u e .  
2 .  C e l l u l o m o n a s  s p .  d i g e s t i o n  a c c o r d i n g  t o  t h e  m e t h o d  o f  D u n l a p  
a n d  C a l l i h a n  ( 9 ) .  C o l o n i e s  a r e  c a r r i e d  o n  s l a n t s  o f  b r a i n  
h e a r t  i n f u s i o n  a g a r  a t  3 4  ° C  a n d  a r e  t r a n s f e r r e d  w e e k l y .  D e -
s i r e d  a m o u n t  o f  s a m p l e  ( 4 0  m e s h )  i s  p u t  i n t o  a n  E r l e n m e y e r  
f l a s k .  P l u g  w i t h  a  f o a m  stopper~ a d d  6 2  m l  o f  n u t r i e n t  s o l u -
t i o n  t o  t h e  s a m p l e  a n d  a u t o c l a v e  f o r  3 0  m i n  a t  1 3 5  ° C  a n d  
1 5  p s i .  P i p e t  t h e  d e s i r e d  a m o u n t  o f  i n o c u l u m  i n t o  t h e  s a m p l e  
s o l u t i o n  w i t h  a  s t e r i l i z e d  p i p e t .  I n c u b a t e  a t  3 4  ° C  f o r  a  
c e r t a i n  t i m e  a n d  s h a k e  a t  2 0 0  r p m .  T h e n  f i l t e r ,  d r y ,  a n d  
w e i g h  t h e  r e s i d u e .  
3 .  1 ·  v i r i d e  c e l l u l a s e  d i g e s t i o n  a c c o r d i n g  t o  t h e  t e c h n i q u e  d e s -
s c r i b e d  b y  M a n d e l  a n d  W e b e r  ( 2 ) .  T h e  d e s i r e d  a m o u n t  o f  s a m p l e  
( 4 0  m e s h )  i s  p u t  i n t o  a  1 6  x  1 2 5  m m  c u l t u r e  t u b e .  A d d  5  m l  
o f  1 %  ( w / w )  e n z y m e  - 0 . 0 5 M  c i t r a t e  b u f f e r  ( p H  4 . 8 )  a n d  i n c u -
b a t e  a t  5 0  ° C  f o r  d e s i r e d  t i m e ,  w i t h  s h a k i n g  a t  2 0 0  r p m .  
F i l t e r ,  d r y ,  a n d  w e i g h  t h e  r e s i d u e .  M e a n w h i l e ,  a n a l y z e  t h e  
g l u c o s e  c o n c e n t r a t i o n  o f  f i l t r a t e  b y  u s i n g  t h e  g l u c o s e  a n a l y z e r .  
4 .  F u n g a l  c e l l u l a s e  a n d  h e m i c e l l u l a s e  d i g e s t i o n  a c c o r d i n g  t o  t h e  
t e c h n i q u e  d e s c r i b e d  b y  M c Q u e e n  a n d  V a n  S o e s t  ( 3 ) .  W e i g h  d e -
s i r e d  a m o u n t  o f  s a m p l e  i n t o  a  1 6  x  1 2 5  m m  c u l t u r e  t u b e  a n d  a d d  
4  m l  o f  O . l M  a c e t a t e  b u f f e r  ( p H  4 . 8 )  t o  i t .  T h e n ,  s t o p p e r  t h e  
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0 tube and store at 4 C overnight. Incubate the sample solu-
tion for 1 hr to raise the temperature to 40 °C, pipet 1 ml 
of cellulase solution (45 mg/ml) and 1 ml of hemicellulase 
(45 mg/ml) into the tube. Incubate again, at 40 °C for the 
desired length of time with occasional mixing. After that, 
adjust pH of the solution to 2 with 6N HCl, add 1 ml of pepsin 
solution (70 mg/ml), then incubate at 40 °C for 24 hr. Filter, 
dry, weigh the residue. 
5. Solubility in DMSO-paraformaldehyde according to the technique 
of Chiang and Dunlap (7). Dry sample (0.5 g) is mixed with 
2.5 g of paraformaldehyde and 50 ml of dimethyl sulfoxide in 
a 250 ml flask. Autoclave for 1 hr at 135 °C with 30 psi. 
Sample is then subjected to a slight vacuum in the autoclave 
for 10 min to promote the vaporization of the formaldehyde 
and to remove water vapor. The cellulose slurry is then fil-
tered, dried, and weighed. 
Forage and newsprint are typical agricultural and municipal wastes, 
respectively. F~lter paper (Whatman No. 1) is recognized as a pure 
cellulose and contains 98% cellulose. Therefore, these three cellulosic 
materials were chosen as the standard substrates for all tests. 
Each test was run to obtain data on percent dry matter disappear-
ance as a function of time. Tests were run using triplicates of each of 
the standard substrates and were repeated three times to prove repro-
ducibility. 
a) 
b) 
c) 
d) 
RESULTS 
% DMD vs. time: percent dry matter disappearance was calcu-
lated at a series of time intervals (1, 4, 6, 24, 28, 72, 
120 hr) on each of three substrates. 
% DMD vs. time and inoculum: the test was run at three inoculum 
concentrations, keeping substrate concentration constant. 
% DMD vs. time and substrate: keeping inoculum concentration 
constant, the test was run at three different levels of sub-
strate. 
Glucose vs. time and substrate and enzyme: in T. viride cellu-
lase digestion, the tests similar to the above a), b), and c) 
were run. But glucose concentration of filtrate was measured 
by the glucose analyzer instead of % DMD. 
% DMD of three standard substrates in rumen fluid digestion is 
shown in Figure 1. Within 72 hr, forage showed increasing digestion, but 
newsprint and filter paper were almost unattacked. 
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F i g u r e  2  g i v e s  s i m i l a r  r e s u l t s ,  s h o w i n g  t h a t  n e w s p r i n t  a n d  f i l t e r  
p a p e r  w e r e  n o t  d i g e s t e d  s i g n i f i c a n t l y  b y  r u m e n  f l u i d  i r r e s p e c t i v e  o f  t h e  
s u b s t r a t e  c o n c e n t r a t i o n .  F o r a g e  o n  t h e  o t h e r  h a n d  s h o w e d  g o o d  d i g e s t i o n ,  
e s p e c i a l l y  a t  t h e  0 . 2 5  g  s u b s t r a t e  c o n c e n t r a t i o n .  
F i g u r e  3  a l s o  g i v e s  r e s u l t s  s i m i l a r  t o  F i g u r e  1  a n d  F i g u r e  2 ,  a s  
2 . 5  o r  5  m l  r u m e n  f l u i d  d i d  n o t  d i g e s t  f i l t e r  p a p e r .  H o w e v e r ,  1 0  m l  o f  
r u m e n  f l u i d  s h o w e d  a n  i n c r e a s e d  r a t e .  F o r a g e  s h o w e d  g o o d  a c c e s s i b i l i t y  
w i t h  e i t h e r  5  m l  o r  1 0  m l  o f  r u m e n  f l u i d .  
D i g e s t i o n  o f  c e l l u l o s e  b y  C e l l u l o m o n a s  s p .  i s  s h o w n  i n  F i g u r e  4 .  
N e w s p r i n t  w a s  n o t  a c c e s s i b l e  t o  t h e  b a c t e r i a .  I n  c o m p a r i s o n ,  f i l t e r  
p a p e r  s h o w e d  b e t t e r  a c c e s s i b i l i t y .  A l s o ,  t h e  b a c t e r i a  d i g e s t e d  f o r a g e  
t o  a  c e r t a i n  d e g r e e .  
I n  F i g u r e  5 ,  b o t h  f o r a g e  a n d  f i l t e r  p a p e r  g a v e  t h e  s a m e  r e s u l t s .  
P e r c e n t  D M D  d i d  n o t  i n c r e a s e  w i t h  t h e  i n o c u l u m  c o n c e n t r a t i o n  t o  a n y  
s i g n i f i c a n t  l e v e l .  
D i g e s t i o n  o f  c e l l u l o s e  b y  c e l l u l a s e  d e r i v e d  f r o m  ! ·  v i r i d e  i s  s h o w n  
i n  F i g u r e  6 .  F o r a g e  s t a r t e d  a t  a  h i g h e r  p o i n t ,  w h i c h  i n d i c a t e d  a  
h i g h e r  i n i t i a l  s o l u b i l i t y ,  b u t  a f t e r  2 4  h r ,  %  D M D  r e m a i n e d  c o n s t a n t  w i t h  
n o  f u r t h e r  d i g e s t i o n .  F i l t e r  p a p e r  a n d  n e w s p r i n t  s h o w e d  p a r a b o l i c  d i -
g e s t i o n  c u r v e s .  T h e  f o r m e r  g a v e  h i g h e r  %  D M D  d u e  t o  i t s  h i g h e r  c o n t e n t  
o f  c e l l u l o s e .  
T o t a l  s o l u b l e  c a r b o h y d r a t e  d e t e r m i n e d  b y  t h e  p h e n o l - s u l f u r i c  a c i d  
m e t h o d  s h o w e d  t h e  s a m e  t r e n d  a s  %  D M D ,  b u t  t h e  v a r i a t i o n  o f  d a t a  w a s  
m a r k e d .  R e d u c i n g  s u g a r  m e a s u r e d  b y  t h e  D N S  m e t h o d  a n d  g l u c o s e  m e a s u r e d  
b y  t h e  g l u c o s e  a n a l y z e r  g a v e  g o o d  r e p r o d u c i b i l i t y  a n d  r e s u l t s  p a r a l l e l  
t o  %  D M D .  
W h e n  g l u c o s e  c o n c e n t r a t i o n  m e a s u r e d  b y  t h e  g l u c o s e  a n a l y z e r  w a s  
p l o t t e d  o n  r e c t i l i n e a r  c o o r d i n a t e s  v e r s u s  %  D M D ,  t h e  r e s u l t i n g  l i n e a r  
r e l a t i o n s h i p  w a s  f o u n d  t o  b e  h i g h l y  s i g n i f i c a n t .  T h e  r e g r e s s i o n  l i n e  
s h o w n  i n  F i g u r e  7  w a s  c a l c u l a t e d  b y  t h e  m e t h o d  o f  l e a s t  s q u a r e s  a n d  h a d  
a  c o r r e l a t i o n  c o e f f i c i e n t  o f  0 . 9 9 5 2 .  T h e  e q u a t i o n  o f  t h e  l i n e  w a s  f o u n d  
t o  b e  
w h e r e  
y  =  4 2 7  X  - 1 2 4 8  
y  •  g l u c o s e  c o n c e n t r a t i o n  ( m g / 1 )  
X  =  %  D M D  
F o r  f o r a g e ,  z e r o  a d j u s t m e n t  i s  n e e d e d  t o  f i t  i n  t h e  l i n e  d u e  t o  i t s  
h i g h  i n i t i a l  s o l u b i l i t y .  
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MECHANISM OF ENZYMATIC HYDROLYSIS 
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Because of the current concern over shortage of energy and food, much 
effort has been spent on the study of waste cellulose recovery. One of 
the processes for this recovery is enzymatic hydrolysis which converts 
cellulosic materials into glucose. While this process is promising, needs 
still exist to gain further understanding of the process to develop addi-
tional know-how. The objective of this paper is to review the literature 
on cellulose as a substrate·for enzymatic hydrolysis processes, mode of 
action of cellulase, and kinetics of the heterogeneous enzyme reaction. 
Based on the review, a fairly general mathematical model, namely, a distri-
buted parameter model, is proposed to portray the mechanism and rate of 
cellulose hydrolysis. 
2. CELLULOSE AS A SUBSTRATE 
Cellulose is a linear homopolymer of anhydroglucose units linked 
together by 8-1,4-glucosidic bonds. Cellulose molecules are linked to-
o 
getyer to form elementary fibrils or protofibrils of about 40 A wide and 
30 A thick(l). An aggregate of elementary fibrils, essentially infinite 
0 in length and approximately 250 A wide is called a microfibril which con-
tains zones of less crystalline order between the elementary fibrils( 2). 
The heavily lignified cell wall surrounding the fiber reveals the cementing 
role of lignin and indicates its possible hindrance to cellulose hydro-
lysis(3). To remove this lignin layer, intensive mechanical grinding and 
chemical treatment are often employed to cellulosic materials prior to 
hydrolysis by either acids or enzymes. 
Cellulose contains crystalline and amorphous regions. The content 
of crystalline material in native cellulose is estimated to be 50-90%. The 
degrees of susceptibility of theq~ two regions to enzymatic attack change 
with the progress of degradation\4). Fine structures of cellulose fibrils 
have been the subject of research for many years. Two major schools of 
thought exist. Based on the observation of chain folding in a linear syn-
thetic polymer, models of cellulose fibrils involving folded chains have 
been proposed repeatedly(5). On the other hand, models based on extended 
cellulose molecules without folding are also in the literature. 
The structural features of cellulosic materials which determine their 
susceptibility to enzymatic degradation include(2): (1) moisture content, 
(2) surface area and diffusivity of reagents, (3) degree of crystallinity 
of cellulose, (4) unit cell dimensions in cellulose, (5) conformation and 
6 8  
s t e r i c  r i g i d i t y  o f  t h e  a n h y d r o g l u c o s e  u n i t s ,  ( 6 )  d e g r e e  o f  p o l y m e r i z a t i o n ,  
( 7 )  n a t u r e  o f  s u b s t a n c e s  w i t h  w h i c h  t h e  c e l l u l o s e  i s  a s s o c i a t e d ,  ( 8 )  s u b -
s t i t u e n t  g r o u p s ,  a n d  ( 9 )  c a p i l l a r y  s t r u c t u r e  o f  c e l l u l o s e  f i b e r .  A m o n g  
t h e s e ,  t h e  l a s t  i s  t h e  m o s t  i m p o r t a n t .  T h i s  i s  b e c a u s e  t h e  s u s c e p t i b i l i t y  
o f  c e l l u l o s e  t o  h y d r o l y s i s  i s  d e t e r m i n e d  l a r g e l y  b y  i t s  a c c e s s i b i l i t y  t o  
c e l l u l o l y t i c  e n z y m e s .  D i r e c t  p h y s i c a l  c o n t a c t  b e t w e e n  t h e s e  r e a g e n t s  a n d  
t h e  s u b s t r a t e  m o l e c u l e s  o f  c e l l u l o s e  i s  p r e r e q u i s i t e  f o r  h y d r o l y s i s .  S i n c e  
t h e  c e l l u l o s e  i s  a n  i n s o l u b l e  a n d  s t r u c t u r a l l y  c o m p l e x  s u b s t r a t e ,  t h i s  c o n -
t a c t  c a n  b e  a c h i e v e d  o n l y  b y  d i f f u s i o n  o f  t h e  e n z y m e  i n t o  t h e  c o m p l e x  
s t r u c t u r a l  m a t r i x  o f  c e l l u l o s e .  A n y  s t r u c t u r a l  f e a t u r e  t h a t  l i m i t s  t h e  
a c c e s s i b i l i t y  o f  c e l l u l o s e  t o  e n z y m e s  w i l l  d i m i n i s h  i t s  s u s c e p t i b i l i t y  
t o  h y d r o l y s i s .  T h e r e f o r e ,  i t  i s  e x p e c t e d  t h a t  t h e  r a t e  o f  r e a c t i o n  s h o u l d  
b e  a  f u n c t i o n  o f  t h e  s u r f a c e  a r e a  o f  t h e  c e l l u l o s e  w h i c h  i s  a c c e s s i b l e  t o  
t h e  e n z y m e .  I t  h a s  b e e n  r e p o r t e d  t h a t  a  l i n e a r  r e l a t i o n s h i p  e x i s t s  b e -
t w e e n  t h e  i n i t i a l  r e a c t i o n  r a t e  a n d  t h e  s u r f a c e  a r e a  w i t h i n  t h e  c e l l u l o s e ,  
w h i c h  i s  a c c e s s i b l e  t o  a  m o l e c u l e  o f  t h e  e n z y m e  s i z e ( 6 ) .  
3 .  M O D E  O F  A C T I O N  O F  C E L L U L A S E  
T h e  e n z y m e  s y s t e m  o f  T r i c h o d e r m a  ~· h a s  b e e n  e x a m i n e d  m o r e  e x t e n -
s i v e l y  t h a n  o t h e r s .  T h e  m o d e  o f  a c t i o n  o f  e a c h  c o m p o n e n t  o f  t h i s  c e l l u -
l a s e  i s  s u m m a r i z e d  b e l o w ( 7 , 8 ) :  
E n d o - S - 1 , 4 - g l u c a n a s e .  T h i s  c o n t a i n s  s e v e r a l  c o m p o n e n t s  w i t h  v a r y i n g  
d e g r e e s  o f  r a n d o m n e s s .  O n e  o f  t h e s e  m a y  b e  t h e  e n z y m e  t h a t  a c t s  o n  c r y -
s t a l l i n e  c e l l u l o s e ;  h o w e v e r ,  i t  m a i n l y  a c t s  r a n d o m l y  o n  C M C ,  p h o s p h o r i c  
a c i d - s w o l l e n  c e l l u l o s e ,  a n d  c e l l o d e x t r i n .  H o w e v e r ,  t h i s  c o m p o n e n t  w i l l  
n o t  w o r k  o n  c e l l o b i o s e .  T h e  m a i n  p r o d u c t s  w o u l d  b e  c e l l o b i o s e  a n d  c e l l o -
t r i o s e .  
E x o - S - 1 , 4 - g l u c a n a s e .  T h i s  e x i s t s  i n  s e v e r a l  f o r m s .  S - 1 , 4 - g l u c a n  g l u c o h y -
d r o l a s e  r e m o v e s  a  s i n g l e  g l u c o s e  u n i t  f r o m  t h e  n o n r e d u c i n g  e n d  o f  t h e  
c h a i n ( 9 ) .  T h i s  e n z y m e  a c t s  o n  W a l s e t h ,  C M C ,  a n d  c e l l o d e x t r i n  c h a i n s  o f  
f o u r  t o  s e v e n  u n i t s  p r o d u c e d  b y  t h e  a c t i o n  o f  t h e  e n d o g l u c a n a s e ,  b u t  
a t t a c k s  i n s o l u b l e s  w i t h  d i f f i c u l t y .  T h i s  c o m p o n e n t  i s  r a r e l y  r e p o r t e d .  
S - 1 , 4 - g l u c a n  c e l l o b i o h y d r o l a s e  ( C B H )  r e m o v e s  a  c e l l o b i o s e  u n i t  f r o m  t h e  
n o n r e d u c i n g  e n d  o f  t h e  c h a i n .  T h i s  C B H  i s  c u r r e n t l y  b e i n g  e q u a t e d  w i t h  
t h e  o l d  c
1  
e n z y m e  b y  m a n y  i n v e s t i g a t o r s ( l O , l l , l 2 ) .  T h i s  c o m p o n e n t  h a s  t h e  
g r e a t e s t  a f f i n i t y  f o r  c e l l u l o s e .  T h i s  c o m p o n e n t  c a n n o t  a t t a c k  C M C ,  b u t  
a c t s  v e r y  s l o w l y  o n  H 3 P 0 4 - s w o l l e n  c e l l u l o s e .  A l t h o u g h  i t  i s  u n a b l e  t o  
a t t a c k  c r y s t a l l i n e  c e l l u l o s e  t o  a n y  s i g n i f i c a n t  e x t e n t ,  i t  p o s s e s s e s  t h e  
c a p a c i t y  f o r  d e g r a d i n g  c e l l u l o s i c  s u b s t r a t e s  b y  r e m o v i n g  s u c c e s s i v e l y  
c e l l o b i o s e  r e s i d u e s  f r o m  t h e  c h a i n  e n d s .  W h e n  C B H  i s  r e c o m b i n e d  w i t h  e x  
a n d  S - g l u c o s i d a s e ,  t h e y  j o i n t l y  p l a y  a  m a j o r  r o l e  i n  h y d r o l y s i s  o f  c o t t o n  
o r  A v i c e l - l i k e  c r y s t a l l i n e  c e l l u l o s e ( l 3 ) .  
~-glucosidase. T h i s  h y d r o l y z e s  r a p i d l y  c e l l o b i o s e  a n d  s h o r t  c h a i n  c e l l o -
o l i g o s a c c h a r i d e s  t o  g l u c o s e ,  b u t  h a s  n o  e f f e c t  o n  c e l l u l o s e .  H o w e v e r ,  t h e  
r a t e  o f  h y d r o l y s i s  d e c r e a s e s  m a r k e d l y  w i t h  a n  i n c r e a s i n g  d e g r e e  o f  p o l y -
m e r i z a t i o n .  T h i s  i s  i n  c o n t r a s t  t o  t h e  f a c t  t h a t  g l u c a n a s e  a c t s  p r e f e r e n -
t i a l l y  o n  l o n g e r  c e l l o - o l i g o s a c c h a r i d e s ( 7 ) .  
~----
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4. MATHEMATICAL MODELING OF ENZYMATIC HYDROLYSIS OF CELLULOSE 
Knowledge of the kinetics of enzymatic hydrolysis of cellulose is 
essential for designing a hydrolysis reactor. However, relatively little 
is known of the kinetics of this process. This might have been due to the 
extreme complexity of enzymatic hydrolysis of cellulose. This process 
involves diffusion of enzyme into the cellulose particle, adsorption and 
desorption of the enzyme on cellulose, surface reaction on the crystalline 
and amorphous particles of the cellulose, diffusion of the products, pro-
duct inhibition, conversion of cellobiose into glucose, and deactivation 
of cellulase. 
The governing equations which contain both hyperbolic and parabolic 
differential equations are obtained if all the observations and assump-
tions of the following mechanism for the hydrolysis of cellulose are taken 
into account. 
sc + Eel t SCEcl + pc2 + Ec 
SA+ E ~ SAE + P 2 + E ex ex c ex 
SCEcl + p c2 + SCEclpc2 + 
SAE + p 2 + SAE p 2 + ex c ex c 
Solution of these equations, subject to the appropriate initial and 
boundary conditions, yields the transient concentration profiles of parti-
cipating reactants and products, and eventually the conversion of cellulose. 
Nomenclature 
E Enzyme 
P Product 
S Substrate 
SE, SEP: Enzyme complex 
Subscript 
cl cl enzyme 
ex ex enzyme 
c2 cellobiose 
13 glucosidase 
7 0  
C  :  c r y s t a l l i n e  c e l l u l o s e  
A  :  a m o r p h o u s  c e l l u l o s e  
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INTRODUCTION 
In the processing of agricultural plant products the bulk of the 
organic material that is grown is of low quality, and is either dis-
carded or employed as a low-grade animal feed. This category, in the 
case of maize, the major agricultural product of the American Midwest, 
includes stalks, husks, cobs and hulls. These material are composed 
mainly of cellulose, hemicellulose, and lignin, with the first two being 
polysaccharides and the third a polyphenol. All three of these frac-
tions have been the subject of research to determine whether they could 
be feasibly broken down by enzymatic means, since in each case a chemical 
process yielding the monomeric material causes extensive degradation. 
The research into the use of cellulases to produce glucose from cellulose 
is furthest advanced. 
Hemicellulose, like cellulose, may be enzymatically hydrolyzed to 
yield simple sugars. The form found in greatest abundance in maize 
products, xylan, is attacked by the xylanase family to form a family of 
xylooligosaccharides (Figure 1). 
Xylose itself is not attractive as a foodstuff. It is not very 
sweet and its ingestion causes a number of metabolic disturbances. It 
could be useful, however, as a carbon source fo single-cell protein and 
other fermentation products. 
The largest potential use of xylose, however, is as a precursor for 
the sugar alcohol xylitol, to which it is converted by catalytic hydro-
genation. Xylitol is sweeter than sucrose, does not require the human 
body to release large amounts of insulin into the blood (1), and may be 
ingested, seemingly safely, up to 40 g/day without adaptation (2), or 
to 90 g/day after adaptation (1). Considering that the average daily use 
of carbohydrate sweeteners is approximately 130 g/day (3), it is obvious 
that a currently poorly utilized agricultural waste product could be 
converted to a product of much higher value capable of being used directly 
by humans if conclusively proved to be safe. 
Xylan Structure 
D-xylan hemicelluloses, possessing a ~-(1~)-linked xylopyranosyl 
backbone {closely resembling cellulose molecules), are present in all 
land plants, comprising up to 30% of the wall material of annual plants 
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a n d  h a r d w o o d s  a n d  7 - 1 2 %  o f  s o f t w o o d s  ( 4 ) .  W i t h  f e w  e x c e p t i o n s ,  a l l  x y l a n s  
p o s s e s s  s i n g l e - u n i t  s i d e  c h a i n s  o f  a n h y d r o - L - a r a b i n o f u r a n o s e  ( l i n k e d  p r e -
d o m i n a n t l y  t o  C - 3  t o  x y l o s e  u n i t s )  a n d / o r  g l u c u r o n o s y l  r e s i d u e s  ( l i n k e d  
p r e d o m i n a n t l y  t o  C - 2  o f  x y l o s e ) .  A c c o r d i n g  t o  T o w l e  a n d  W h i s t l e r  ( 4 ) ,  
t h e  f r e q u e n c y  o f  a t t a c h m e n t  a n d  t h e  a m o u n t  a n d  p r o p o r t i o n  o f  t h e  t w o  
b r a n c h  c o n s t i t u e n t s  v a r y  g r e a t l y  w i t h  t h e  s o u r c e  o f  t h e  x y l a n ,  a l t h o u g h  
i n  g e n e r a l ,  u r o n i c  a c i d - c o n t a i n i n g  x y l a n s  p r e d o m i n a t e  i n  d i c o t y l e d o n s ,  
w h i l e  x y l a n s  r i c h  i n  L - a r a b i n o s e  c h a r a c t e r i z e  m o n o c o t y l e d o n s  ( 4 ) .  
L o n g e r  s i d e  c h a i n s  o f  x y l o s y l  r e s i d u e s  a t t a c h e d  t o  t h e  L - a r a b i n o s e  u n i t s  
h a v e  a l s o  b e e n  r e p o r t e d .  F i n a l l y ,  a c e t y l  e s t e r s ,  a t t a c h e d  t o  C - 2  o f  
x y l o s y l  u n i t s ,  o c c u r  i n  m a n y  x y l a n s ,  e s p e c i a l l y  h a r d w o o d s ,  w h e r e  t h e y  
o c c u r  w i t h  a  f r e q u e n c y  o f  a p p r o x i m a t e l y  3 . 5  p e r  1 0  x y l o s e  u n i t s .  T h e  
" A "  f r a c t i o n  h e m i c e l l u l o s e s  a r e  p r e c i p i t a t e d  a f t e r  a l k l i n e  s o l u b i l i z a -
t i o n  b y  n e u t r a l i z a t i o n ,  w h i l e  t h e  " B "  f r a c t i o n ,  w h i c h  i s  m o r e  b r a n c h e d  
a n d  h a s  a  l o w e r  D . P . ,  i s  p r e c i p i t a t e d  b y  e t h a n o l .  
M A T E R I A L S  A N D  M E T H O D S  
E n z y m e  S o u r c e  
R o h m  a n d  H a a s  R h o z y m e  H P - 1 5 0  Conce~trate w a s  e m p l o y e d  a s  a  s o u r c e  o f  
t h e  e n z y m e s  o f  t h e  x y l a n a s e  f a m i l y .  T h e  e n z y m e  p r e p a r a t i o n ,  L o t  3 - 0 0 0 7 ,  
w a s  a  t a n  p o w d e r  d e r i v e d  f r o m ! ·  n i g e r .  R e p o r t e d l y  i t  w a s  p r e c i p i t a t e d  
f r o m  t h e  f e r m e n t a t i o n  b r o t h  b y  a d d i t i o n  o f  a l c o h o l .  
S u b s t r a t e s  
A  1 . 2 %  m i l k y  s o l u t i o n  w a s  o b t a i n e d  b y  d i s s o l v i n g  2 %  S i g m a  X 3 8 7 5  
l a r c h w o o d  x y l a n  ( L o t s  6 2 C - 2 8 2 0  o r  1 1 3 C - 3 2 0 0 )  i n  d e i o n i z e d  w a t e r  a t  r o o m  
t e m p e r a t u r e  a n d  c e n t r i f u g i n g  o u t  t h e  u n d i s s o l v e d  m a t e r i a l .  B e f o r e  u s e ,  
t h e  s o l u t i o n  t h a t  r e s u l t e d  w a s  d i l u t e d  t o  1 % .  T h i s  m a t e r i a l  i s  d e n o t e d  
i n  t h e  a c c o m p a n y i n g  f i g u r e s  a s  " L a r c h w o o d  X y l a n - L o t  I . "  
A  s e c o n d  S i g m a  l a r c h w o o d  x y l a n ,  L o t  1 2 5 C - 0 0 5 8 2 ,  w a s  a d d e d  i n  2 %  
c o n c e n t r a t i o n  t o  d e i o n i z e d  w a t e r .  T h e  r e s u l t i n g  0 . 9 %  s o l u t i o n  i s  d e n o t e d  
a s  " L a r c h w o o d  X y l a n - L o t  2 . "  
A  s a m p l e  o f  1 6 0  g  o f  d e p i t h e d  c o r n  c o b s ,  p r e v i o u s l y  c o a r s e l y  g r o u n d  
i n  a  W a r i n g  b l e n d e r ,  w a s  g r o u n d  t o  0 . 0 1 2  i n .  w i t h  a  W  &  B  l a b o r a t o r y  
p u l v e r i z e r  a n d  a d d e d  t o  8 0 0  m l  o f  1 %  a m m o n i u m  o x a l a t e .  A f t e r  2  h r  a t  
9 0  o c ,  t h e  m i x t u r e  w a s  f i l t e r e d  a n d  t h e  s o l u b l e  p e c t i n  f r a c t i o n  d i s -
c a r d e d .  T h e  t r e a t m e n t  w a s  r e p e a t e d  a s  b e f o r e ,  e x c e p t  t h e  s e c o n d  t i m e  
t h e  m i x t u r e  w a s  h e l d  f o r  5  h r  b e f o r e  f i l t e r i n g .  T h e  p r e c i p i t a t e  w a s  
a d d e d  t o  2 . 7  l i t e r s  o f  1 0 %  K O H  a n d  i n c u b a t e d  f o r  1 7  h r  a t  r o o m  t e m p e r a -
t u r e .  A f t e r  f i l t e r i n g  o f f  t h e  i n s o l u b l e  c e l l u l o s e  a n d  s o m e  o f  t h e  l i g n i n ,  
s u f f i c i e n t  g l a c i a l  a c e t i c  a c i d  w a s  a d d e d  t o  r e d u c e  t h e  p H  t o  4 . 5 .  
A f t e r  i m m e d i a t e  f i l t r a t i o n  t o  p r o d u c e  a  p e l l e t  l a b e l e d  x y l a n  A - 1 ,  
t h e  f i l t r a t e  w a s  s p l i t  i n  t w o  e q u a l  p a r t s .  O n e  w a s  h e l d  i n  a  c o l d  r o o m  
o v e r n i g h t  a n d  t h e n  c e n t r i f u g e d  a t  1 0 , 0 0 0  r p m  i n  a  S o r v a l l  G S A  r o t o r  t o  
•  
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produce insoluble xylan A-2 and soluble xylan B-2. Both centrifuged (B-2) 
and uncentrifuged (B-1) fractions were treated with two volumes of pure 
ethanol and the supernatants discarded after filtration. 
All four precipitates were washed three or four times, until no fur-
ther color was extracted, with a mixture composed of one volume of water 
and two volumes of ethanol. Lignin was then extracted by washing with a 
solution of one volume of 1,2-dichlorethane and two volumes ethanol. 
After drying overnight at 25 °C, the B-1 precipitate totaled 20 g, the 
B-2 approximately 15 g, and the combined A-1 and A-2 precipitates 32 g, 
for a total crude yield of approximately 42%. 
After addition of water to B-1, B-2 and A, the resulting suspensions 
were stirred overnight at room temperature and centrifuged at 20,000 rpm 
in a Sorvall SS-4 rotor to yield an A supernatant containing 7.0 g/1 
solids and a combined B supernatant with 37.4 g/1 solids. Subsequent 
water extractions yielded supernatants with successively less solid con-
tent, and also residual pellets containing very water-insoluable xylan. 
The gradation of water solubility proceeded downwards from the first 
combined xylan B supernatant to the residual xylan A pellet. 
Xylanase Assay 
An assay for xylanase activity required the use of the Somogyi-
Nelson (5,6) technique for reducing sugars. To 1.4-1.5 ml 0.075M acetate 
buffer at pH 4.8 was added lOOA xylanase solution and 0.5-0.4 ml xylan 
solution. The mixture was incubated for 15-20 min at 40 °C. After 
adding 2 ml of Somogyi's reagent, the solution was boiled for 20 min. 
It was then cooled for 5 min to 15 °C and 2 ml of Nelson's reagent was 
added. After standing for 1 hr, the absorbance at 500 nm was determined 
with a 1 em cuvette. 
Protein Determination 
Protein was determined by Lowry's method (7), using bovine serum 
albumin as standard. With column effluent an on-line ISCO UA-5 ultra-
violet monitor with a 0.5 em cuvette at 280 nm was employed. 
RESULTS 
The existence of at least three enzymes, exclusive of ~-xylosidase, 
that hydrolyze xylan was demonstrated by gel permeation chromatography 
with LKB Ultrogel AcA 54. A 250 ml solution of 42 g HP-150 in O.Ol5M 
citrate buffer at pH 4.8 was prepared and after centrifuging, 18 ml was 
added to a 5.1 em i.d. by 99 em high column. It was eluted at 1 ml/min 
with the same buffer, the flow being held constant with a Cole-Parmer 
Ultramasterflux peristaltic pump at the outlet of the column. 
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A c t i v i t y  o f  X y l a n a s e  F r a c t i o n s  o n  D i f f e r e n t  X y l a n  F r a c t i o n s  
T h e  f i r s t  A - 1  a n d  B  s u p e r n a t a n t  f r a c t i o n s  p l u s  t h e  i n s o l u b l e  A  a n d  
B - 2  p e l l e t s  w e r e  a s s a y e d  w i t h  f r a c t i o n s  8 4 - 1 4 0  o f  t h e  e f f l u e n t  f r o m  t h e  
c o l u m n .  T h e  l a t t e r  c o n t a i n e d  w h a t  w e r e  l a b e l e d  e n z y m e  p o o l s  B ,  C ,  a n d  
D ,  t h o u g h  i t  w a s  o b v i o u s  a t  t h e  t i m e  t h a t  p o o l  B  w a s  c o m p o s e d  o f  e n z y m e s  
o f  c l o s e l y  d i f f e r i n g  m o l e c u l a r  w e i g h t s .  
T h e  f i r s t  x y l a n  B  s u p e r n a t a n t  w a s  e x t e n s i v e l y  a t t a c k e d  b y  t h e  B  
e n z y m e  c e n t e r e d  a t  f r a c t i o n  9 5  ( F i g u r e  2 ) .  T h e  f i r s t  x y l a n  A - 1  s u p e r -
n a t a n t  w a s  e q u a l l y  a t t a c k e d  b y  b o t h  t h i s  a n d  a n o t h e r  B  e n z y m e ,  c e n t e r e d  
a t  f r a c t i o n  1 0 0 ,  w h i l e  t h e  t w o  p e l l e t s  w e r e  m o r e  s u s c e p t i b l e  t o  a t t a c k  
b y  t h e  s e c o n d  B  e n z y m e .  A  t h i r d  l e s s  a c t i v e  B  e n z y m e  w a s  f o u n d  a r o u n d  
f r a c t i o n  8 5 .  
T h e r e  w a s  l i t t l e  a p p a r e n t  d i f f e r e n c e  i n  t h e  a c t i v i t y  o f  p o o l  C  o n  
t h e  v a r i o u s  s u b s t r a t e s .  P o o l  D  s e e m e d  l e s s  a c t i v e  o n  t h e  m o r e  w a t e r -
s o l u b l e  x y l a n  B .  
R e c y c l e  G e l  P e r m e a t i o n  C h r o m a t o g r a p h y  o f  C r u d e  X y l a n a s e  
I n  a n  e f f o r t  t o  m o r e  c o m p l e t e l y  s e p a r a t e  t h e  e n z y m e s  t h a t  m a k e  u p  
t h e  x y l a n a s e  c o m p l e x ,  a  s a m p l e  o f  t h e  c r u d e  e x t r a c t  w a s  c h r o m a t o g r a p h e d  
o n  a  g e l  p e r m e a t i o n  c o l u m n ,  a n d  t h e s e  p a r t s  o f  t h e  e l u a t e  t h a t  c o n t a i n e d  
p o o l s  A  ( a c t i v e  o n l y  o n  l a r c h w o o d  L o t  1 ) ,  B ,  a n d  C  w e r e  r e c y c l e d  b a c k  t o  
t h e  c o l u m n .  
S p e c i f i c a l l y ,  3 5  g  o f  R h o z y m e  H P - 1 5 0  C o n c e n t r a t e  w e r e  d i s s o l v e d  i n  
a  O . O l 5 M  s o d i u m  c i t r a t e  b u f f e r  a t  p H  4 . 8 ,  h e l d  i n  a  c o l d  r o o m  f o r  3  h r ,  
a n d  c e n t r i f u g e d  f o r  3 0  m i n  w i t h  a n  S o r v a l l  S S - 3 4  r o t o r  a t  1 9 , 0 0 0  r p m  t o  
r e m o v e  t h e  u n d i s s o l v e d  m a t e r i a l .  A  5 0  m l  p o r t i o n  o f  t h e  2 5 0  m l  o f  s o l u -
t i o n  t h a t  r e s u l t e d  w a s  a d d e d  t o  a  5 . 2  x  1 2 3  e m  c o l u m n  l o a d e d  w i t h  L K B  
U l t r o g e l  A c A  5 4 ,  a n d  t h e  c o l u m n  w a s  e l u t e d  w i t h  1  m l / m i n  o f  t h e  s a m e  
b u f f e r ,  c o n t r o l l e d  w i t h  a  C o l e - P a r m e T  U l t r a m a s t e r f l e x  p e r i s t a l t i c  p u m p  
a t  t h e  e x i t .  A f t e r  1 2 9 5  m l  o f  e l u a t e ,  e q u a l  t o  h a l f  t h e  c o l u m n  v o l u m e ,  
w a s  d i s c a r d e d ,  t h e  n e x t  1 2 9 5  m l  w a s  p u m p e d  b a c k  t o  t h e  t o p  o f  t h e  c o l u m n  
a s  i t  e x i t e d  t h e  b o t t o m .  A  t o t a l  o f  2 6 0 0  m l  o f  t h i s  r e c h r o m a t o g r a p h e d  
e l u a t e  w a s  c o l l e c t e d ,  a n a l y z e d  f o r  p r o t e i n  a t  2 8 0  e m  w i t h  a n  I S C O  U A - 5  
m o n i t o r  w i t h  a  0 . 5  e m  p a t h  l e n g t h  c e l l ,  a n d  a s s a y e d  f o r  x y l a n a s e  a c t i v i t y  
w i t h  l a r c h w o o d  x y l a n  L o t s  1  a n d  2  ( F i g u r e  3 ) .  
A s  n o t e d  b e f o r e ,  e n z y m e  A  i s  a c t i v e  o n l y  o n  l a r c h w o o d  L o t  1 .  A s s a y s  
w i t h  L o t  1  i n d i c a t e  t h e  e x i s t e n c e  o f  o n e  e n z y m e  i n  t h e  B  r e g i o n ,  w h i l e  
t h o s e  w i t h  L o t  2  s h o w  t h r e e ,  w i t h  t h e  e x t r a  e n z y m e s  e x i t i n g  t h e  c o l u m n  
e a r l i e r .  T h e s e  d a t a  s u p p o r t  t h e  r e s u l t s  o f  t h e  t e s t s  w i t h  d i f f e r e n t  c o r n  
c o b  x y l a n s  j u s t  r e p o r t e d ,  a n d  a l s o  e x t e n d  t h e  t r e n d s  n o t e d  o n  e a r l i e r  g e l  
p e r m e a t i o n  r u n s ,  w h e r e  l a r c h w o o d  x y l a n  L o t  2  w a s  a t t a c k e d  m o r e  b r o a d l y  i n  
t h e  e n z y m e  B  r e g i o n  t h a n  w a s  l a r c h w o o d  x y l a n  L o t  1 .  
... 
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Separation of Xylanases by Ion Exchange Chromatography 
Four gel permeation chromatographic runs stmilar to the one just 
described were conducted to obtain feedstock for ion exchange chroma-
tography. The approximately 4.3 liters that was collected was split 
into five fractions: four of 1 liter each containing pool A, pool B 
of higher and lower molecular weight fractions, and pool C, and a frac-
tion of 300 ml containing pool D. 
The three middle pools, two with different cuts of B and the one 
of C, were each concentrated with a UM-10 membrane in an Amicon 402 
cell to less than 50 ml. Deionized water was added to each to reduce 
the ionic strength to that of the buffer, and then they were brought up 
to 150 ml with 0.025M acetate at pH 4.5. 
Each of the three concentrated pools was applied to a 3.3 em i.d. x 
66 em bed depth column packed with SP-Sephadex C-25 of 40-120 ~m particle 
size. The column was eluted with 1 ml/min of the buffer just described, 
with the flow rate controlled by a Cole-Parmer Ultramasterflex pump. A 
linear gradient constructed with 0.35M NaCl was imposed on the column to 
aid in removing the absorbed enzymes. One would expect that those 
enzymes with isoelectric points above pH 5 to be retarded by these 
columns, with those whose isoelectric points were the highest to exit the 
slowest. The results of the three runs, with the fractions assayed with 
larchwood xylan-Lot 2, are shown on Figure 4. 
Those portions of the three pools that passed through the SP-Sephadex 
column without being retarded, but which had xylanase activity, was ad-
justed to pH 5.45 with 1M sodium acetate. Distilled water was then 
added to each to bring the ionic strength to that of the eluting buffer, 
0.025M acetate at pH 5.45. The three pools, each approximately 300 ml, 
were added to 3.3 x 66 em columns containing 40-120 ~m particle size 
DEAE-Sephadex A-25. They were eluted at 1 ml/min with buffer and a 
gradient that increased from zero to 0.6M NaCl. Enzymes whose isoelec-
tric points were less than pH 5 would be retarded by these columns, those 
with the lowest isoelectric points appearing at the exit last. Results 
after assay with larchwood xylan-Lot 2 are shown in Figure 5. Essentially 
no xylanase activity passed through the columns without being retarded. 
DISCUSSION 
It is quite unlikely that each peak that appeared on the two types 
of ion exchange chromatography represents a separate enzyme. A more prob-
able explanation is that some of the peaks that are closely related in 
isoelectric point are isoenzymes of each other, and if separated would 
show only minor differences in specificity and other properties. This is 
rendered more likely by the fact that !· niger, the source of the crude 
enzyme, excretes copious quantities of proteases and carbohydrases, which 
were free to attack the xylanases being studied here. However, it is 
almost certain that this work has detected more different xylanases than 
have hitherto been observed by any other group. 
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T h e  a b i l i t y  t o  s e p a r a t e  t h e  c r u d e  x y l a n a s e  m i x t u r e  t o  t h e  d e g r e e  
a c h i e v e d  h e r e  i s  e n h a n c e d  g r e a t l y  b y  t h e  u s e  o f  a  v e r y  s e n s i t i v e  h i g h  
c a p a c i t y  g e l  f i l t r a t i o n  s e p a r a t i o n  a s  a  f i r s t  s t e p .  W e  h a v e  r e c e n t l y  
e m p l o y e d  L K B  U l t r o g e l  A c A  5 4 ,  a  h i g h l y  i n c o m p r e s s i b l e  p a c k i n g  a l l o w i n g  
h i g h  f l o w  r a t e s ,  w h i c h  p r e v e n t s  a p p r e c i a b l e  p e a k  b r o a d e n i n g  c a u s e d  b y  
a x i a l  d i f f u s i o n .  O u r  e a r l i e r  w o r k ,  a n d  t h a t  o f  m o s t  o t h e r  g r o u p s ,  w a s  
w i t h  v a r i o u s  S e p h a d e x  o r  B i o - G e l  g e l  f i l t r a t i o n  p a c k i n g s .  N e i t h e r  i n  o u r  
h a n d s  n o r  i n  o t h e r s  w a s  i t  p o s s i b l e  t o  o b t a i n  a n y  s e m b l a n c e  o f  t h e  d e g r e e  
o f  s e p a r a t i o n  n o w  p o s s i b l e .  
T o  i l l u s t r a t e  i n  m o r e  d e t a i l :  P o o l  A ,  w h i c h  t o  t h i s  p o i n t  a p p e a r s  
homoge~eous b u t  i s  p r o b a b l y  n o t  a  t r u e  x y l a n a s e ,  h a s  a  m o l e c u l a r  w e i g h t  
o f  a p p r o x i m a t e l y  5 0 , 0 0 0  d a l t o n s .  T h e  B  c o m p l e x  i s  c e n t e r e d  o n  2 8 , 0 0 0  
d a l t o n s ,  C  o n  2 4 , 0 0 0 ,  a n d  D  o n  1 8 , 0 0 0 ,  y e t  B  h a s  b e e n  p a r t i a l l y  r e s o l v e d  
i n t o  t h r e e  p a r t s  b y  g e l  f i l t r a t i o n  ( F i g u r e  3 ) .  E a c h  o f  t h e s e  p a r t s  i s  
t o  a  l a r g e  e x t e n t  f r e e  o f  b o t h  A  a n d  C .  
G i v e n  t h i s  h e a d  s t a r t ,  t h e  f u r t h e r  s e p a r a t i o n  o f  t h e  B  a n d  C  p o o l s  
i n t o  m o r e  t h a n  t e n  s e p a r a t e  a c t i v i t i e s  w a s  r e n d e r e d  m u c h  m o r e  l i k e l y .  
T h e  p H ' s  a n d  c o n d i t i o n s  c h o s e n  f o r  t h e  p u r i f i c a t i o n  w e r e  b a s e d  o n  ! s o -
e l e c t r i c  f o c u s i n g  a n d  t h e  n e c e s s i t y  f o r  e l i m i n a t i n g  d i a l y s i s  a n d  
c o n c e n t r a t i o n  s t e p s  t o  a l l o w  e a s e  i n  s c a l i n g  u p  t h e  p r o c e d u r e .  F u r t h e r  
p u r i f i c a t i o n  b y  a b s o r p t i o n  o n  h y d r o x y l a p a t i t e  w i l l  b e  c o n d u c t e d  o n  t h e  
f r a c t i o n s  f r o m  t h e  i o n  e x c h a n g e  c h r o m a t o g r a p h y .  
W h y  s o  m a n y  e n z y m e s  a r e  r e q u i r e d  t o  h y d r o l y z e  x y l a n  i s  s o m e t h i n g  o f  
a  m y s t e r y .  W h i l e  x y l a n  h a s  a  n u m b e r  o f  d i f f e r e n t  b o n d s ,  t h e y  m a y  n o t  
e q u a l  t h e  n u m b e r  o f  d i s c r e t e  e n z y m e s  f o u n d  h e r e .  A  d e f i n i t e  a n s w e r  a w a i t s  
f u r t h e r  s e p a r a t i o n  o f  t h e  x y l a n a s e  c o m p l e x  a n d  c o m p l e t e  i d e n t i f i c a t i o n  o f  
t h e  p r o d u c t s  o f  t h e  b r e a k d o w n  b y  x y l a n  c a t a l y z e d  b y  e a c h  o f  t h e  p u r i f i e d  
e n z y m e s .  
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N A T I V E  C E L L U L O S I C  M A T E R I A L  
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Figure 2. Attack on different xylans of xylanase fractions separated 
by gel permeation chromatography. 
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Figure 3. Separation of crude xylanase with a 5.2 x 123 em Ultrogel 
AcA 54 gel permeation column equipped with recycle flow. 
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three 3.3 x 66 em SP-Sephadex columns at pH 4.5. 
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PRODUCTION OF CELLULASE AND 
TRICHODERMA VIRIDAE FROM SUGAR CANE BAGASSE-PITH 
INTRODUCTION 
A. Ferrer*, Y. Alroy 
and I. Brito 
CIEPE 
San Felipe, Apdo 100 
Venezuela 
It has been reported that the fungus Trichoderma viridae is a very 
strong cellulase producer (1,3) and contains 40% crude protein (2). Cel-
lulose is a major component of agricultural wastes such as sugar cane bagasse 
and is very abundant throughout the world. Sugar cane bagasse was used in 
this work as a substrate for the aerobic fermentation of Trichoderma viridae 
QM 9414 in order to produce cellulase and biomass. Avice!, pure micro-
crystalline cellulose, was used as a control substrate. The effects on the 
rate of the fermentation of treating the bagasse with sodium hydroxide and 
washing this pre-treated bagasse, as well as the effect of adding tween 80 
were studied. The progress of the fermentation was followed by measuring 
the nitrogen content of the solids, the cellulase activity of the samples, 
and the ammonia consumption by the fungus during the fermentation. This work 
is the first part of an overall project, the objective of which is to produce 
cellulase so that bagasse can be hydrolyzed into sugars that may be used as 
a substrate for single cell protein (yeast). 
EXPERIMENTAL 
Apparatus: 
The fermentations were carried out in 10~ fermenters supplied with 
aeration, agitation, temperature and pH controls. 
Fungus Culture: 
The fungus Trichoderma viridae was obtained from U. S. Army Natick 
Laboratories, Natick, Mass 01760. It was cultivated on potato-dextrose 
0 (.025%)-agar slants at 25 C. For shake flask and fermenter culture, spores 
were suspended in a basal medium, described by Mandels and Weber (1), plus 
.1% proteose peptone. Tween 80 (polyoxyethylene sorbitan monoleate) was 
sometimes added (.1 and .125%). The inoculum was prepared with 1% Avice!, 
0.1% proteose peptone, minerals and spores from Trichoderma viridae for all 
the substrates. The inoculum was incubated for 7-10 days at 30°C before using. 
Cellulose substrates used in the fermentations were Avice!, untreated bagasse, 
bagasse treated with 0.25N NaOH at room temperature (for 30 minutes) and at 
121°C (for 30 and 90 minutes), and bagasse treated with 0.25N NaOH at the 
*A. Ferrer is now a graduate student at Kansas State University, Manhattan, 
KS 66506. 
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p r e v i o u s  c o n d i t i o n s  b u t  a l s o  w a s h e d  w i t h  w a t e r  a t  p H  2 .  T h e  A v i c e l  i s  u s e d  
d i r e c t l y  a s  a  s u b s t r a t e  f o r  t h e  f e r m e n t a t i o n  w h i l e  t h e  b a g a s s e  p r i o r  t o  a n y  
t r e a t m e n t  i s  d r i e d  t o  1 5 %  m o i s t u r e ,  s i e v e d  a t  1 6  m e s h  a n d  f i n a l l y  m i l l e d .  
W h e n  t h e  10~ b r o t h  i s  p r e p a r e d ,  i t  i s  a u t o c l a v e d  a t  1 2 1 ° C  f o r  8 0  m i n u t e s .  
T h e  p H  i s  a d j u s t e d  t o  4 . 5 ;  t h e  i n o c u l u m  i s  a d d e d ,  a n d  t h e  f e r m e n t a t i o n  i s  
r u n  a t  3 0 ° C .  
M e a s u r e d  V a r i a b l e s :  
C e l l u l a s e  a c t i v i t i e s  w e r e  d e t e r m i n e d  o n  f i l t r a t e s  o f  c u l t u r e  s a m p l e s  
b y  p r o d u c t i o n  o f  r e d u c i n g  s u g a r  m e a s u r e d  a s  g l u c o s e  b y  a  m o d i f i e d  d i n i t r o -
s a l i c y l i c  a c i d  ( D N S )  m e t h o d  ( 4 , 5 )  a s  f o l l o w s :  t o  1 0 0  m g .  o f  W h a t m a n  N o .  1  
f i l t e r  p a p e r  a d d  1 . 0  m l .  0 . 0 5 M  N a  c i t r a t e  b u f f e r  w i t h  p H  4 . 8  a n d  1 . 0  m l .  o f  
a p p r o p r i a t e l y  d i l u t e d  e n z y m e  s o l u t i o n ;  i n c u b a t e  3 0  m i n u t e s  a t  5 0 ° C .  A d d  
0 . 1  m l .  2 N  H C l ,  3  m l .  D N S  r e a g e n t  a n d  h e a t  o n  a  b o i l i n g  w a t e r  b a t h  f o r  1 5  
m i n u t e s .  T h e n ,  c o o l  t o  r o o m  t e m p e r a t u r e  a n d  d e t e r m i n e  r e d u c i n g  s u g a r s  b y  
m e a s u r i n g  a b s o r b a n c y  a t  6 0 5  m~. A n  e n z y m e  s o l u t i o n  i s  s a i d  t o  h a v e  1  u n i t  
a c t i v i t y  w h e n  i t  p r o d u c e s  0 . 2 5  m g / m l  o f  r e d u c i n g  s u g a r  a s  g l u c o s e .  
T h e  c e l l  y i e l d  i s  e s t i m a t e d  b y  m e a s u r i n g  t h e  %  n i t r o g e n  i n  t h e  d r y  
s o l i d s  f r o m  t h e  c e n t r i f u g e d  2 0 0  m l .  s a m p l e s .  T h e  % N  w a s  d e t e r m i n e d  b y  t h e  
K j e l d a h l  m e t h o d .  A v i c e l  d o e s  n o t  h a v e  n i t r o g e n  a n d  t h e  b a g a s s e  h a s  o n l y  
0 . 2 3 %  N  s o  t h a t  t h e  n i t r o g e n  c o n t e n t  o f  t h e  s o l i d s  i s  a  g o o d  m e a s u r e  o f  t h e  
a m o u n t  o f  b i o m a s s .  
T h e  a m o u n t  o f  b i o m a s s  i n  g r a m  p e r  g r a m  o f  c o n s u m e d  c e l l u l o s e  a n d  t h e  
c o n s u m e d  f r a c t i o n  o f  c e l l u l o s e  w e r e  c a l c u l a t e d  b y  a s s u m i n g  t h a t  t h e  
T r i c h o d e r m a  v i r i d a e  c o n t a i n s  4 0 %  c r u d e  p r o t e i n  ( 6 . 2 5  x  % N )  a n d  t h a t  t h e  
b a g a s s e  c o n t a i n s  5 0 %  c e l l u l o s e ,  w i t h  s i m p l e  m a s s  b a l a n c e s .  
T h e  a m o u n t  o f  N a O H  a d d e d  t o  t h e  m e d i u m  i n  o r d e r  t o  m a i n t a i n  t h e  p H  
a t  4 . 5  d u r i n g  t h e  f e r m e n t a t i o n  w a s  r e c o r d e d  a n d  u s e d  a s  a  m e a s u r e  o f  t h e  
n i t r o g e n  c o n s u m p t i o n  ( i n  f o r m  o f  a m m o n i a )  b y  t h e  f u n g u s .  
R E S U L T S  A N D  D I S C U S S I O N  
F i g u r e  1  s h o w s  t h e  e f f e c t  o f  t w e e n  8 0  o n  t h e  f e r m e n t a t i o n  r a t e  m e a s u r e d  
b y  m i l l i e q u i v a l e n t s  o f  N a O H  a d d e d  t o  t h e  b r o t h  w h e n  A v i c e !  w a s  t h e  s u b s t r a t e .  
T h e  f e r m e n t a t i o n  r a t e  i n c r e a s e s  w i t h  t h e  a d d i t i o n  o f  t w e e n  8 0  t o  t h e  m e d i u m .  
T h e  y i e l d  o f  b i o m a s s ,  c e l l u l a s e  a c t i v i t y  a n d  t h e  a m o u n t  o f  u t i l i z e d  c e l l u l o s e  
a l s o  i n c r e a s e s .  T h e s e  r e s u l t s  a r e  r e p o r t e d  e l s e w h e r e  ( 6 ) ,  a n d  a r e  i n  a g r e e -
m e n t  w i t h  t h o s e  r e p o r t e d  b y  o t h e r  r e s e a r c h e r s  ( 1 ) .  
T h e  %  n i t r o g e n  i n  t h e  s o l i d s  o f  2 0 0  m l .  s a m p l e s  i s  s h o w n  a s  a  f u n c t i o n  
o f  t i m e  i n  F i g u r e  2 .  T h e  y i e l d  o f  c e l l s  w a s  v e r y  s m a l l  ( 1 %  N  o r  0 . 1 5 6 %  
b i o m a s s )  w h e n  n o n - a l k a l i - t r e a t e d  b a g a s s e  w a s  u s e d .  W h e n  a l k a l i - t r e a t e d  
b a g a s s e  w a s  u s e d  ( w i t h o u t  w a s h i n g )  t h e  % N  d i d  n o t  i n c r e a s e  a n d  i s  n o t  s h o w n  
i n  t h e  f i g u r e .  A l t h o u g h  t h e  s o d i u m  h y d r o x i d e  i s  k n o w n  t o  i n c r e a s e  t h e  
d i g e s t a b i l i t y  o f  c e l l u l o s e ,  i t  a p p e a r s  t h a t  a n t i m i c r o b i a l  b y - p r o d u c t s  o f  t h e  
t r e a t m e n t  i n h i b i t  t h e  g r o w t h  o f  t h e  f u n g u s ,  s i n c e ,  w i t h  a l k a l i - t r e a t e d  a n d  
s u b s e q u e n t l y  w a s h e d  b a g a s s e ,  t h e  % N  i n  t h e  s o l i d s  i n c r e a s e d  c o n s i d e r a b l y  
( 1 . 8 - 2 . 7 %  N o r  2 8 - 4 2 %  b i o m a s s ) .  T h e  m o r e  s e v e r e  t h e  t r e a t m e n t ,  t h e  h i g h e r  
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the %N in the solids. So, the best substrate of the three appears to be the 
washed-alkali-treated bagasse. However, the %N in the solids is still smaller 
than the %N for Avice!. The fact that Avice! is pure cellulose and bagasse 
is not, makes that difference look very high, but the biomass yield based on 
grams of consumed cellulose is very similar. 
Table 1 shows the performance of the fermentation of Trichoderma 
viridae QM 9414 with the different substrates mentioned above in terms of 
cellulase activity and fraction of consumed cellulose. The washed-alkali-
treated bagasse appears to be as good a substrate as Avice! is, in terms of 
amount of hydrolyzed cellulose. The Q values which are higher than one may 
be due to errors in taking the final sample (some solids remain on the baffles 
of the fermenter so that the dry weight of the solids decreases and makes Q 
appear higher). Cellulase was low when any bagasse was used as the substrate, 
especially for alkali-treated and washed-alkali-treated bagasse. This suggests 
that the enzyme may be adsorbed to the undigested portion of the substrate. 
Cellulase activity was higher for untreated bagasse than for alkali treated 
and washed-alkali-treated bagasses. 
CONCLUSION 
Tween 80 increases the fermentation rate of Trichoderma viridae 
considerably. 
Trichoderma viridae grows very well on Avicel and produces very high 
enzyme activities and biomass yield. 
Untreated bagasse can be used as a substrate for low level cellulase 
production although the biomass yield is small. 
Alkali-treated bagasse is not a good substrate. It appears that anti-
microbial substances are produced during the treatment and have to be removed. 
Washed-alkali-treated bagasse seems to be a good substrate for cell 
production and cellulose hydrolysis (sugar production). However, cellulase 
activity is barely detected suggesting that the cellulase is adsorbed to 
the substrate. Enzyme stability and adsorption of cellulase to the substrate 
must be investigated. Alkali-treated and washed bagasse produces a waste 
effluent the treatment of which raises the price of the project. 
Nomenclature 
NTB: Untreated bagasse 
TB : alkali-treated bagasse 
WTB: washed-alkali-treated bagasse 
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Table 1. Characteristics of the Fermentation of Trichoderma viridae. 
Substrate Q Enzyme Activity 
g cellulose consumed units/ml. 
g initial cellulose 
Avice! 
.86-.98 7-22 
NTB 
.54-.69 2-7.5 
TB 
.73-.80 2.5 
WTB 1. 00-1.20 0-3.2 
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Fig. 1. Effect of tween 80 on the fermentation rate 
of Trichoderma viridae. 
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Fig. 2. Nitrogen Content in the Solids during the Fermentation. 

